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This study is created by Dr. Jia-Ruey Duann, Deputy General Director of Center for
Measurement Standards (CMS), and Prof. Dr.-Ing. habil. Gerd Jäger, Head of the Institute of
Process Measurement and Sensor Technology (PMS), Faculty of Mechanical Engineering,
Technische Universität Ilmenau. When Prof. Jäger visiting to the CMS during the tenth
anniversary of National Measurement Laboratory in 1997, he gave some lectures and
discussed with the colleagues of Dimensional Measurement Laboratory about the miniature
laser interferometer and its applications. I also introduced my project of the development of
linewidth measurement and some nanometrology researches in CMS. Prof. Jäger was
interested in a Metrological Atomic Force Microscope (MAFM), and long travel range of
nanopositioning stage with feedback by laser interferometer. He asked me to be a doctoral
student like Mr. Yung-Cheng Wang, a full time doctoral student, at the Technische Universität
Ilmenau. But it is impossible for me to go to Ilmenau for four years without working to
provide my family. So, Prof. Jäger made a chance of remote doctoral study that I can do the
research in the CMS and go to the Technische Universität Ilmenau to report twice per year.
In the 1998 spring, Dr. Jia-Ruey Duann, former Division Chief of the Measurement Standards
and Technology Division at CMS, encouraged me to study at the Technische Universität
Ilmenau, and promised me that CMS will provide the transportation and daily lives during my
study in Germany. Therefore, during my visiting to the Technische Universität Ilmenau in the
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advisor. My study project is “Development of a Traceable Atomic Force Microscope with
Interferometer and Compensation Flexure Stage”. The TAFM consists of a commercial
Atomic Force Microscope (AFM), two Differential Plane Mirror Laser Interferometers, an
Active Error Compensation Flexure Stage, and a super-Invar metrology frame. This
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1. Introduction
G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibe developed a Scanning Tunneling Microscope
(STM) at IBM in Switzerland in 1982 [1]. The tunneling current between the tip and sample
determines the surface texture of the conductive samples. Its use was the first time the
microstructure of the surface of an electrical conductor was observed at atomic resolution. G.
Binnig, and H. Rohrer won the Nobel Prize in Physics in 1986. G. Binnig, C. F. Quate, and Ch.
Gerber developed the Atomic Force Microscope (AFM) in 1986 [2]. This microscope
measured the surface profile by the Van der Waal’s forces between the tip and the sample.
Accordingly, an AFM can measure the micro-texture of conductors, non-conductors and
bioengineering materials. The AFM has already been widely applied in materials science,
scientific research, biotechnology and the semiconductor industry.
The commercial AFM is normally designed with a tube piezo-actuator for three-dimensional
scanning. Figure 1.1 schematically depicts AFM, which consists of a scanner made of a piezo-
actuator tube, a laser, a photo-detector, a controller and a cantilever tip. The upper scanner is
divided into four electrodes for scanning in the X and Y directions. The lower scanner senses
height in the Z direction. The intrinsic properties of the piezo-actuator, such as non-linearity,
hysteresis, aging, thermal drift, creep, and coupling error may cause measurement errors,
which may reach 20 % of the reading. To reduce major measurement errors mentioned above,
an AFM should be periodically calibrated using a traceable standard.
Figure 1.1 Schematic diagram of AFM
The displacements of the AFM must be traceable to the definition of the meter (International
System of Units, SI units). For metrological reasons, AFMs are usually feedback-controlled











Laboratories have developed metrological AFMs with a traceable displacement sensor, such
as a laser interferometer. For instance, Dr. F. Meli assembled a homemade linear flexure stage
and a differential plane mirror interferometer in a commercial AFM for pitch measurements [3]
at the organization for Metrology and Accreditation in Switzerland (METAS). Prof. K.
Hasche and Dr. H.-J. Büchner used three internal laser interferometers to calibrate the
capacitance sensors of a Zeiss Veritekt 3 AFM [4,5] at the Physikalisch-Technische-
Bundesanstalt (PTB) in Germany. Prof. G. Jäger built a nano-measuring machine with three-
axis laser interferometers and two autocollimators with a measuring range of 25×25×5 mm3 [6]
at the Technische Universiät Ilmenau in Germany. A Calibrated AFM was built using a
custom-modified AFM controller, flexure stages and laser interferometers, at the National
Institute of Standards and Technology (NIST) in the U.S.A. [7].
This research aims to develop a Traceable Atomic Force Microscope (TAFM) for the Center
for Measurement Standards (CMS) of the Industrial Technology Research Institute (ITRI) in
Taiwan. The TAFM was based on a commercial Dimension Metrology AFM and assembled
with a three-axis active compensation flexure stage, two differential plane mirror laser
interferometers, an L-shape mirror, and a super-Invar metrology frame. The TAFM was
placed on a vibration isolator to eliminate noise due to environmental vibration. A program in
LabVIEW was developed to control the movements of the flexure stage, and simultaneously
capture the displacements by the laser interferometers (X and Y) and the capacitance sensor
(Z) of the AFM. An enclosed box with temperature-controlled circulating water maintains
temperature near 20°C and reduces the influences of acoustic and air turbulence.
The TAFM was successfully used to calibrate one-dimensional pitch standards. The pitch of
the sample was measured by the TAFM to yield a three-dimensional profile. Then, the X and
Y scanned data were interpolated by a program written in MATLAB. Finally, the Scanning
Probe Image Processor (SPIP) software was used to calculate the pitch value and the pattern
tilt angle [8]. According to the “Guide to the expression of the uncertainty in measurement”
(GUM), published by the International Organization of Standards (ISO), the expanded
uncertainty of a nominal pitch value of 292 nm was2.5 nm, at a confidence level of 95 % and
29 effective degrees of freedom.
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2. State of the art AFM
The Scanning Probe Microscope (SPM) is nowadays an efficient tool for nanometrology such
as STM, AFM, Scanning Near-field Optical Microscope (SNOM). The SPM can measure the
physical properties of materials with atomic resolution. In 1981, G. Binnig, H. Rohrer, Ch.
Gerber, and E. Weibel developed the STM at the IBM Research Laboratory in Switzerland [1].
It was the first successful tunneling experimental to observe vacuum tunneling per se, resolve
tunneling spectroscopy and surface topography. But the STM only can measure the
conductive materials. For the applications in non-conductive and semi-conductive materials,
G. Binnig, C.F. Quate, and Ch. Gerber created an AFM combined the principles of the STM
and stylus profiler in 1986[2]. It is capable for all materials with a lateral resolution of 30 Å
and a vertical resolution less than 1 Å. Table 2.1 shows the glossary of SPM. They are widely
used in fundamental science research, surface topography, biotechnology, and semiconductor
industry.
Table 2.1 The glossary of SPM
STM Scanning Tunneling Microscope
AFM Atomic Force Microscope
LFM Lateral Force Microscope
MFM Magnetic Force Microscope
SCM Scanning Capacitance Microscope
EFM Electrostatic Force Microscope
FMM Force Modulation Microscope
SNOM Scanning Near field Optical Microscope
SThM Scanning Thermal Microscope
2.1 Traceability of AFM
There are two scanning types of SPM. One is called “tip scanning”. The other is called
“sample scanning”. A tube piezoelectric actuator (scanner) is usually designed as three-
dimensional scanning to control the probe tip scanning on a fixed sample in tip scanning type
SPM or the sample scanning under the probe tip in sample scanning SPM. Figure 2.1 shows
the principles of sample scanning type SPM [9]. A stepper motor moves the sample
approaching to the probe tip. A laser beam bounces off the back of the cantilever, then hits
onto a position sensitive photo-detector. The SPM processor receives the signal from the
PSPD, and then sends applied voltage to the scanner to maintain the cantilever at a certain
deflection.
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Figure 2.1 Principles of sample scanning AFM [9]
The AFM has been widely applications in many field, including science research, surface
roughness analysis, and nonotechnology. Figure 2.2 shows the interaction between probe tip
and sample. During the probe tip approaching to the sample surface, there is a Van der Waals
Force occurred (attractive force) when the distance between tip and sample decrease to
Angstrom level. And there is a Coulombic Force (repulsive force) occurred when the distance
is down to fractions of an Angstrom. In generally, the AFM has three operation modes. The
Contact mode AFM is operated by scanning a tip attached to the end of a cantilever across the
sample. The force between tip and sample remains constant to maintain a constant cantilever
deflection. In the non-contact mode AFM, the probe tip is oscillated at a certain frequency,
which is slightly higher than the resonance frequency. The amplitude is about a few
nanometers. During scanning, the probe tip does not contact sample surface, but oscillates
above the absorbed fluid layer on the sample surface. The Intermittent-contact (Tapping)
mode AFM is operated by scanning a tip attached to the end of an oscillating cantilever across
the sample. The cantilever is oscillated at or near the resonance frequency with a 20 nm to
100 nm amplitude. The advantages of Tapping mode AFM are higher lateral resolution on
most samples, less damage to soft samples, and no scraping. It becomes an important AFM
technique since it overcomes some of the limitations of both contact and non-contact mode
AFM.
                        
Figure 2.2 Force vs. distance [10]
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The SPM has a scanner doing the three-dimensional scanning. The scanner is made of
piezoelectric actuator tube. Some intrinsic properties of piezo-actuator such as non-linearity,
hysteresis, aging, thermal drift, creep, and coupling can cause measurement errors (see Figure
2.3), which may reach 20 % to the reading. Figure 2.4 shows an example of grating
measurement with two AFMs. A result of one AFM is 32.89 µm, a result of another AFM is
40.742 µm. In compliance with metrology standard regulars, the AFM should be periodically
calibrated by a traced standard, or combined with accurate displacement sensors to monitor
the position scanning . The displacement sensors should be traced to the definition of meter.
         (a). Nonlinearity          (b). Hysteresis              (c). Aging
           (d). Creep                       (e). Cross coupling error
Figure 2.3 Intrinsic Properties of AFM [10]
 
Figure 2.4 Grating pitch measurement by AFMs
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Figure 2.5 shows the traceability of AFM. The AFM users usually need one or two-
dimensional Standard Reference Material (SRM) such as a pitch standard to calibrate the
displacement sensors periodically. The SRM must be traced to the International System of
Units (SI units) via a traceability chain. The national metrology institute investigates a
metrological instrument to calibrate the SRM; e.g. a Traceable Atomic Force Microscope
assembled with laser interferometer. The wavelength of laser interferometer should be traced
to the definition of meter via an iodine stabilized Helium-Neon laser.
Figure 2.5 Traceability of AFM
The calibration of SRM can be realized by a comparative method or absolute measurement.
Figure 2.6 shows a comparative method of pitch standard calibration. Firstly, we have to use a
commercial AFM to measure a traced reference pitch standard, then, measure a test standard.
Finally, we have to use the Scanning Probe Image Processor (SPIP) developed by Image
Metrology company [8] to analyze the pitch value and pattern tilt angle.
We have participated in a 1-D grating international comparison using a DI Dimension 3100M
AFM in 2000 [11]. It was coordinated by the Metrology and Accreditation Switzerland
(METAS). The nominal values of comparison specimens were 290 and 700 nm pitch gratings
(MXS 301CE and MXS 701CE). According to the “Guide to the Expression of Uncertainty in
Measurement” [12], the estimated expanded uncertainties at 95% confidence level were






c αδ+∆δα+=                            (2.1)





















at 20 C as given in its calibration certificate. Nm is the pitch of the standards at temperature Ts.
Ym is the pitch of the tested standards at temperature T. δα is the difference of the coefficient
of thermal expansion between the reference standards and the test standards. ∆Ts is the
deviation in temperature of the reference standards from 20 C. α is the coefficient of thermal
expansion of the test standards. δT is the difference of temperature between the reference
standards and the test standards.
Figure 2.6 Pitch Standard calibration with AFM
Most national standard organizations want to establish the primary measuring instruments to
serve the best calibration quality for their countries. The primary measuring instruments
should have high stability and productivity and traceability to the SI. The following sections
will describe some better designs for the nanometrology in the world. They are Molecular
Measuring Machine and Calibrated AFM in United States, Metrology AFM and Nano-
Measuring Machine in Germany, and Long-range AFM profiler in Switzerland.
2.2 Molecular Measuring Machine at the NIST
The researchers at the National Institute of Standards and Technology (NIST) in United States
have developed a measuring instrument called “Molecular Measuring Machine (M3, see
Figure 2.7)”[14-20] with one nanometer of expectant combined standard uncertainty of 50
mm by 50 mm measuring area since 1987. To achieve the goal of the Molecular Measuring
Machine, the researchers use a combination of technologies. A STM is used for imaging
specimen features. A coarse inchworm actuator and a fine motion flexure stage are used to
move the sample to realize the desired range and resolution. The displacement of the STM
probe relative to the sample in the XY plane is measured by a homemade laser interferometer
(see Figure 2.8). The metrology frame is made of Zerodure with a flatness of 30 nm and right
angles between each adjacent reference mirrors (see Figure 2.9). The whole system is






Figure 2.7 Molecular Measuring Machine [14]
Figure 2.8 Interferometer of the Molecular Measuring Machine[14]
Figure 2.9 Metrology Frame of the Molecular Measuring Machine [14]
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The machine core chosen for the machinability, dimensional stability, vacuum compatibility,
and thermal conductivity is an Oxygen-free high-conductivity copper sphere with 350 mm in
diameter. The core is cut into two pieces, the upper and lower hemispheres. The upper guide
way is made into a vee groove and the lower guide way is made into an inverted vee. The
guide surfaces are manufactured by diamond turning machining. The carriages are kinematic
seated on the guide way with 5 Teflon pads. A specimen is fixed on the Zerodur metrology
box, which is kinematically located on the lower carriage. A STM probe with a homemade
piezoelectric actuator and a capacitance sensor are located on the upper carriage. The motions
in X and Y directions are feedback controlled by laser interferometers and Z motion is
controlled by capacitance sensor.
The first measuring result of laser-focused-atom-deposition chromium grating is 212.78 nm
with a preliminary expanded uncertainty of 0.02 nm (coverage factor k=2). The uncertainty
evaluation is shown in Table 2.2. The estimated combined standard uncertainty uc is 26 nm for
1 mm measurement.
Table 2.2 The uncertainty evaluation of M3 (1 mm)
Error sources Estimated value (nm) Description
Wavelength of Laser 0.1 L×δλ/λ=1 mm ×10-7=0.1 nm
Polarization Mixing 1 2λn= 2×0.5 nm =1 nm
Laser Cosine Error 20 L×θ2/2=1 mm ×(2/300)2/2=20 nm
Abbe Offset Error 9 √3×d×δβ=1.73×10 mm×5×10-7=9 nm
Z-to-X coupling Error 13 ∆Z×δαxz=650 nm×0.02=13 nm
Temperature stability 4 D×δT×CTE=25 mm×0.005×3E-5=4 nm
Sample Cosine Error 0.01 L×θ2/2=1 mm ×(10-4)2/2=0.005 nm
Line center determination 4 √2×δx=1.4×3 nm=4 nm
uc 26
2.3 Calibrated Atomic Force Microscope at the NIST
The metric ruler of AFMs, used in semiconductor industry as tools for sub-micrometer
dimensional measurement, must be calibrated to perform accurate measurements. Researchers
at the NIST have developed a Calibrated AFM (C-AFM) to calibrate standards [21-32].
Figure 2.10 shows the main structure of C-AFM including X and Y- interferometers, a XY
flexure stage, a Z-axis flexure stage, a metrology frame, an AFM, and a specimen platform.
And a schematic control block diagram is given in Figure 2.11. The X and Y- heterodyne laser
interferometers are traced to the SI units via a 633 nm wavelength of the Iodine stabilized He-
Ne laser. The motion of Z direction of the sample is achieved by a Queensgate piezoelectric
actuator with an integrated capacitance sensor. An X-Y piezo-flexure-stage with a 50 µm
range is used to move the sample motion in X and Y directions. The probe tip is located at the
intersection of the extension lines of laser beams of X and Y interferometers and can
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minimize measuring error caused by the Abbe offset. The close loop servo control of AFM tip,
laser interferometers and flexures are constructed by Park Scientific Instruments (PSI). A
program in LabVIEW is operated in another computer to capture the three dimensional
displacements simultaneously. All components are made of low coefficient of thermal
expansion materials and located on a metrology frame made of super-Invar.
    
Figure 2.10 Calibrated AFM
Figure 2.11 Control Block Diagram of C-AFM
The relative expanded uncertainty (k=2) of the first pitch measurement is as low as 1 % on

























sample non-uniformity, reproducibility, edge detection algorithm, resolution of laser
interferometer, polarization mixing, error from the deformation of tip, Abbe error, Cosine
error, and etc.. D is the measured interval. The Abbe error is proportional to Abbe offset of
2.0 mm and 0.5 arc second tilt over the total range of travel.
Table 2.3 C-AFM uncertainty evaluation for Pitch measurement
Error sources Estimated value (nm) Type
Repeatability & sample uniformity 1 SD(standard deviation) A
Reproducibility 1.6 A
Edge detection algorithm 1.5 B
Resolution of interferometer 0.36 B
Polarization Mixing of interferometer 0.6 B
Laser wavelength in vacuum 0.3×10-6D B
Index of refraction of air 20.6×10-6D B
Deformation/Damage of tip 1 B
Abbe error from rotation around Z 0.1×10-3D B
Cosine Error 1.5×10-4D B
uc [(1 SD)2+(2.5 nm)2+(2.1×10-4D)2]1/2
Table 2.4 shows the uncertainty budget of step height measurements by C-AFM. An example
of the measurement of single atomic step of Silicon (111) is shown in Figure 2.12. The single
atomic step of Silicon (with native oxide) is 0.314 nm with an expanded uncertainty (k=2) of
0.008 nm.
Table 2.4 C-AFM uncertainty evaluation for Step height measurement
Error sources Estimated value (nm) Type
Repeatability & surface texture 1 SD(standard deviation) A
Uncertainty of z-axis calibration 0.070 %H(Step height) A
Cosine Error 0.015 %H B
Abbe errors from offsets in X and Y 0.01 %H B
Out of plane stage motion 1.5×10-2 nm B
uc [(1 SD)2+(1.5×10-2 nm)2+(0.070 %H)2]1/2
Figure 2.12 Silicon (111) single atomic step specimen with native oxide
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2.4 Metrology Atomic Force Microscope at the PTB
Researchers at the Technische Universität Ilmenau, Institute of Process Measurement and
Sensor Technology (PMS), in cooperation with the Physikalisch-Technische-Bundesanstalt
(PTB), have modified a commercial scanning sample AFM (VERITEKT 3 with a scan range
(X,Y,Z) of 70 ×15×15 µm3) by using three miniature laser interferometers and a square mirror
[33-39]. It is used for the traceable calibration of SPM standards, step height standards, and
tools for measurement tasks in nano-metrology. The original operation principle is sample-
scanned by a three-dimensional flexure-hinge stage with piezoelectric actuators and
capacitance sensors for close-loop control. The resolutions of each direction are 1.2 nm, 0.25
nm, and 0.25 nm. This AFM has been modified with three miniature laser interferometers
developed by PMS and made by SIOS Meßtechnik GmbH in Germany. The calibration of
capacitance sensors is accomplished by checking each λ/2 interval in the whole measuring
volume of flexure stage. The schematic diagram of the modified Metrology AFM (MAFM) is
shown in Figure 2.13. A probe meets the extension lines of laser beams of interferometers in
order to eliminate the Abbe offset.
Figure 2.13 Veritekt AFM with 3-D-Laser-interferometric Measuring System
Figure 2.14 shows the mechanical structure of MAFM. The interferometers are served to
calibrate the capacitance sensors and reduce the cross coupling errors for all three axes. The
uncertainty (u95%) of the laser interferometer at each λ/2 interval is 1 nm. So, the residual
deviations of linearity after compensation are less than 1 nm. The expanded uncertainty of the
measurement of any two points within the measuring volume is (5 nm+2×10-4 D). Where D is
the distance in nm. The uncertainty of step height measurement is (1.1 nm+2×10-4H). Where
H is the height in nm.
Figure 2.14 Metrology AFM at the PTB
2.5 Nano-Measuring Machine at the Technische Universität Ilmenau
A new nano-measuring machine (NMM) is built at the Institute of Process Measurement and
Sensor Technology (PMS) in the Technische Universität Ilmenau in Germany [40-42]. Figure
2.15 shows the positioning stage and electronic system. It is constructed in a measuring range
of 25×25×5 mm3 with a measuring resolution of 1.2 nm supported by the Thuringian Ministry














To achieve the desired measuring range, high motion speed and positioning resolution, the
voice coil actuator and ball bearing guide way are selected for the X and Y linear stages (see
Figure 2.16). And four voice coil actuators, independently controlled, are utilized for Z-axis
motion and roll and pitch angle errors compensation. This drive system can achieve a motion
speed up to 50 mm per second with a positioning resolution of 5 nm within the measuring
volume. The displacements of all three axes are recorded and feedback-controlled by plane
mirror laser interferometers with a measuring resolution of 1.2 nm made by SIOS Meßtechnik
GmbH company. Two autocollimators with a resolution of 0.05 arc second are used to detect
the angular deviation of pitch, yaw and roll, and then send to voice coil drivers for the angular
compensation.
Figure 2.16 Stage of the nano-measuring machine
In order to obtain the best measuring and positioning accuracy, the NMM is arranged in a zero
Abbe offset with three plane mirror interferometers, a probe, and two angular sensors. Figure
2.17 shows the realization of the Abbe principle. All the measuring axes of interferometers are
aligned to the contact point of the probe tip and the surface of test sample. This construction
design can achieve an accurate positioning without any Abbe errors. The sample is located on
a mirror corner with flatness of 30 nm peak to valley at all three axes. The mirror corner is
feedback-controlled by a three axes drive system via three plane mirror laser interferometers.
To avoid the influence from thermal change, the laser interferometers and autocollimators are
seated on a main metrology frame made of Zerodur (the coefficient of thermal expansion is
near zero in room temperature condition). The preliminary application is equipped with an
inductive stylus as a sensing probe. Further modifications will include the assembling of an
AFM head and an auto-focus sensor for the applications in material science and
nanotechnology.
Figure 2.17 Realization of Abbe principle
2.6 Long-range AFM profiler at the METAS
A long-range AFM profiler is built based on a commercial dimension AFM and a homemade
linear sample displacement stage at the Metrology and Accreditation in Switzerland (METAS)
[43-46]. The mechanical structure is shown in Figure 2.18. It consists of a DI dimension
metrology AFM, a linear flexure stage with a motion range of 380 µm, and a double pass
differential plane mirror interferometer developed by National Physical Laboratory (NPL).
The sample is located at nominally zero Abbe offsets measured by a subnanometer resolution










The measuring principle and instrument structure of long-range AFM profiler are shown in
Figure 2.19. The metrology AFM head (a) made by Digital Instruments comprises a
parallelogram-type flexure stage in X and Y axes, an individual piezoelectric actuator in Z
axis, and three capacitance sensors for all axes. A reference cube is located close to the probe
tip as the counter electrode for the capacitance sensors. The scanning range is 70×70×6 µm3.
A homemade linear stage (b) is placed under the AFM head. It includes a single linear stage
made of a monolithic double parallelogram flexure-hinge, a piezoelectric actuator and a
capacitance sensor. The stage is actuated to a displacement range of 380 µm by a 1000 V
piezoelectric actuator (Its nominal stroke is 70 µm) with a lever amplified by a factor of six. It
can be performed a highly straight motion with a pitch error of 0.6 arc second and a yaw error
of 0.7 arc second.
Figure 2.19 Measuring principle of long range AFM profiler
The displacement of the linear stage is feedback-controlled by a capacitance position sensor,
and simultaneously measured by the capacitance sensor and a double pass differential plane
mirror interferometer [46]. Its first application is used on pitch measurement of periodic
structures. The estimated relative combined standard uncertainties for pitch measurements on
different range are from 2×10-5 to 8×10-5. Table 2.5 shows the combined standard uncertainties
(uc) and effective degrees of freedom (νeff) of pitch measurements. There are 11 influential
quantities including Laser wavelength, refractive index of the air, interferometer nonlinearity,
interferometer alignment, sample alignment lateral and horizontal, yaw and pitch of the
motion with Abbe offset, temperature deviation, AFM calibration, the repeatability of the
measurement in one place and the spread in the different locations. The largest contribution to
the total uncertainty is the local pitch variation.
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Holographic grating 700.989 4.6 88 701.001 0.16
5 µm waffle pattern, top 4999.83 2.1 71
5 µm waffle pattern, middle 4999.77 1.8 67 5000.4 1.2
5 µm waffle pattern, bottom 4999.83 2.0 72
3 µm waffle pattern 2999.99 1.9 34 3000.3 1.0
1.8 µm waffle pattern 1800.14 2.8 50 1800.2 0.28
Ruled optical grating 1666.63 7.7 54 1666.39 -1.4
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3. Design and Construction of TAFM
Last chapter describes the comparative method of 1-D pitch calibration and some modified
metrological AFMs in the world. These metrological AFMs are based on the metrology
consideration and special requirements from their industry and science research. There are
many high-tech semiconductor manufacturing, biotechnology, Micro Electro Mechanical
Systems (MEMS), and nanotechnology in Taiwan. It is important to establish the nanometer-
scale standards including linewidth, pitch, step height, and roughness. In the comparative
method, a worse expanded uncertainty is associated. It could be better to have a primary
standard traceable to the SI rather than to have a secondary standard traceable to other country.
Therefore, a project of establishing a nanometrology standard system, supported by the
Bureau of Standards, Metrology and Inspection (BSMI), Ministry of Economic Affairs
(MOEA), Taiwan. The purpose of the system was set to provide the calibrations of the nano-
scale standards from the semiconductor industry, nanotechnology and science research fields.
The objectives for the design and construction of a metrological AFM are:
A. The instrument can realize a primary standard of nanometrology in Taiwan.
B. The measuring instrument can measure the micro surface texture on conductor,
semiconductor, and nonconductor.
C. The measuring instrument should include a traceable sensor, which can be directly
traceable to the SI.
D. The measuring instrument can achieve a resolution of nanometer or sub-nanometer, an
expanded uncertainty of nanometer scale, and a measuring range of 100×100×5 µm3.
E. The measuring instrument should obey the Abbe principle.
F. The test sample volume can be as large as 150×150×5 mm3.
G. The first application is to provide the 1-D pitch calibration for the Taiwan industry; further
applications are 2D grating pitch, step height, and roughness measurements.
According to these considerations, the design of the new traceable AFM can be similar to the
above metrological instruments in last chapter. For instances, to build a Molecular Measuring
Machine with a measuring range of 50×50×0.1 mm3 and sub-nanometer resolution and
accuracy was an attractive thing. But it needed a big financial support and should be operated
in high vacuum chamber. Now it still has some problems in the transducer of z-axis. The C-
AFM has a good performance in nanometrology. But the AFM controller was a special
custom-modified controller cooperated between the NIST and Park Scientific Instruments
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(PSI). It was impossible in this project. In addition, the C-AFM can only measure a small
specimen. The MAFM was cooperated between the PTB and the PMS based on a commercial
Veritekt 3 AFM made by Curl Zeiss in Germany. But the Veritekt 3 AFM was no more made
after 1998. For the considerations of the project budget and the best possibility, the final
thought was to follow the design rules of the long-range AFM profiler at the METAS in
Switzerland: (1) redesign or find a two-dimensional high precision stage; (2) add a differential
laser interferometer; and (3) put hardware integration technique.
After a long-term of technical discussions and a hard work of surveying of AFMs and high
accurate flexure stage, a Traceable AFM (TAFM)[13,47-50] was finally established at the
Center for Measurement Standards, Industrial Technology Research Institute (CMS/ITRI),
Taiwan. The TAFM consists of a commercial Dimension Metrology AFM, two laser
interferometers, a flexure stage, a super-Invar metrology frame, a vibration isolator and a
temperature controlled water circulator. Figure 3.1 shows the mechanical construction of the
TAFM. The AFM head was a DI Dimension Metrology AFM with capacitance sensors at all
three axes. The laser interferometers all belong to the type of differential plane mirror laser
interferometer made by SIOS Meßtechnik GmbH. The L-shape mirror was 150×18 mm2 with
30 nm of flatness at each side. The flexure stage was an active-error-compensation flexure
stage made by Physik Instruments in Germany. The out-of-plane motion was 0.5 nm, and the
angular deviation was 0.5 arc sec. The AFM head and the laser interferometers were fixed on
the super-Invar metrology frame. The L-shape mirror was fixed on the flexure stage and the
reference mirrors were fixed on the AFM head. The laser interferometers can measure the
displacements between the stage and AFM head. A specimen was arranged on the same plane
of the X and Y laser interferometers, and the AFM tip was on the intersection point of the
lines extended from the X and Y interferometers, in which the error caused by Abbe-offset
can be neglected.














3.1 DI 3100M AFM
The best choice of a commercial AFM for the TAFM currently was the DI 3100M with a
Dimension Metrology AFM head [51-53]. It has a coarse motion stage with a travel range of
100×120×12 mm3 and a positioning accuracy of 6 µm, and a fine scanner with a scanning
range of 70×70×6 µm3. The disadvantage is that it is without the function of the scanning
Tunneling microscope.
The Dimension Metrology AFM incorporates a new head and a new scanner design to
improve crucial specifications. The improvements over the standard scanning probe
microscope included the following:
A. High-resolution sensors and advanced digital closed-loop feedback algorithms that
provided the X-Y closed-loop control at any scan size and offset in the scanning range.
B. It had the ability to zoom and offset to a specific region with nanometer accuracy.
C. The Z direction travel was a straight line and perpendicular to the X-Y plane.
The scanner includes a parallelogram flexure stage in the X and Y directions, an individual
piezoelectric actuator in the Z direction, and a reference cube used for the electrodes for the
all three axes of capacitance sensors. A scanner serves the feedback control of a square
measuring area while the Z actuator is sensing the height of the test sample. The resolutions
and repeatabilities in the X and Y directions are 1 nm, and the linearity is less than 0.05 %.
The resolution in the Z direction is 0.8 nm, and the noise lever is less than 0.04 nm. The
orthogonalities within each direction are less than 0.1 degree. The capacitance sensors of the
scanner are calibrated by a commercial two-dimensional pitch standard traced to the NIST in
United States (STS3-1800P). Figure 3.2 shows the picture of DI 3100M with Dimension
Metrology AFM head.





XY coarse stageElectronic boxFM headample holder
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According to the application in this project, the AFM controller must be made some changes.
The control signals of capacitance sensors and applied voltages of the scanner should be
accessed by the user. For this reason modifications of the Controller of the Dimension
Metrology AFM head have been done by the Digital Instrumentes company (DI). But the
modifications should not influence the original performance of the instrument on the normal
operation procedure. A picture of modified controller panel is shown in Figure 3.3.
A. Three signal output ports of capacitance sensors:
(1). Voltage output port of X-axis capacitance sensor with BNC connector.
(2). Voltage output port of Y-axis capacitance sensor with BNC connector.
(3). Voltage output port of Z-axis capacitance sensor with BNC connector.
B. Three external driving voltage ports of the scanner:
(1). External voltage input port of X-axis PZT driver amplifier with BNC connector.
(2). External voltage input port of Y-axis PZT driver amplifier with BNC connector.
(3). External voltage input port of Z-axis PZT driver amplifier with BNC connector.
Figure 3.3 The modified controller of DI AFM
3.2 Differential Plane Mirror Laser Interferometer
Adding a laser interferometer as a displacement sensor is one of the best ways to realize the
direct traceability to the SI. It is an important issue of looking for a suitable laser
interferometer that can be assembled in this instrument among the products including HP and
ZYGO in the United States, NPL in the United Kingdom, and SIOS in Germany [45,54-57].
In this study, a differential plane mirror interferometer was designed to eliminate the influence
caused by the dead path in the TAFM. After a surveying, the ZYGO, NPL, and SIOS
companies all can supply the differential plane mirror interferometer. The SIOS’s product was
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finally chosen based on the financial consideration and ease to operate and revise. A double
pass differential plane mirror interferometer (SP500DD) modified from the standard product
of the SP500 interferometer has been accomplished. The specification included a resolution of
0.078 nm, a nonlinearity of 2 nm, a measuring range of 250 mm, a maximum measuring
speed of 100 mm/s, and a laser stability of 0.02 ppm. There are four laser beams, two for
reference beams and two for measuring beams. It can measure the displacement and angular
deviation simultaneously. The picture of SP500DD interferometer is shown in Figure 3.4.
Figure 3.4 SIOS SP500DD interferometer
The optical component arrangement of SP500DD is shown in Figure 3.5. They are 1:
collimator and expander for laser beam, 2: beamsplitter, 3: beam-divider with a pair of twin-
aperture, 4: optical components of signal analyzer for one measuring axis, 5: scattered-light
shield, 6: optical components of signal analyzer for another measuring axis, 7: prism, 9: prism
equipped with a piezoelectric vibrator oscillating the measuring beams, 8: alignment flexure
for prism (9).
A highly collimated laser beam coming from a collimator (1) is permanently connected to the
sensor-head. The laser beam is delivered from a stabilized He-Ne laser through a polarization
maintain optical fiber. This highly collimated laser beam is split into two equal-intensity and
orthogonal beams by a beamsplitter (2). The deflected beam is further incident onto a two-
hole beam-divider (3), in which a pair of parallel beams with a nominal diameter of 1.6 mm
and separated by a distance of 5.4 mm is generated. These beams will hereinafter be referred
to as the “reference beams”. The transmitted beam is reflected by a prism (9) fixed on an
adjustment mount (8) and a piezoelectric vibrator and further incident onto a two-hole beam-
divider to form two “measuring beams”. The two pairs of laser beams are reflected by the
external reference mirror and moving mirror, then interfered at the beamsplitter, and sent to a
pair of signal analyzers (4,6).
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Figure 3.5 Optical arrangement of SIOS interferometer [57]
The displacement measured by SP500DD interferometer can be expressed as equation 3.1,
where L is the displacement measured by SP500DD in nm, λ0 is the vacuum laser wavelength







=   (nm)                                (3.1)
3.3 Active Compensation Flexure Stage
The accuracy of guide way is very important in the precision displacement measurement.
There are 6 degrees of freedom of a rigid body in motion. So it contains 6 errors in a one-
dimensional positioning stage (including a positioning error in motion axis, two straightness
errors orthogonal to each other and to the motion axis, and three angular errors of pitch, yaw,
and roll). The driving mechanism will also affect the measuring accuracy. A roller bearing
slide-way with a lead-screw and stepping motor (or AC motor) is the traditional motion
system with micrometer’s accuracy. It can be applied in many fields such as lathe, milling
machine, grinding machine, and coordinate measuring machine. For the equipments with
subnanometer resolution and even accuracy demand, Some special structures incorporated
with appropriate actuators are need. The flexure stage with piezoelectric actuator becomes
one of the best solutions in nanotechnology. The parallel spring mechanism was popular in a
high-resolution instrument [58-59] in the 1950s, while the flexure stages with piezoelectric
actuators are currently widely used in precision Engineering [60-69]. The advantages of
flexure stage are with zero-friction, zero backlash, high resolution and small angular error.
The only disadvantage is the short travel range. The following sections will introduce the
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application of flexure stage in the TAFM.
3.3.1 Design rules of Flexure Stage
There are two types of flexure stages called “the Flexure notch” and “the Flexure leaf”. Figure
3.6 shows the mechanism of the flexure stages. The flexure stage is usually made of a
monolithic material by wire cutting machine to form a moving part with a pair of notch spring
or leaf spring. The flexure notch has a smaller angular deviation and ease to manufacture. It
has been widely used in some National Measurement Institutes [3,60-62]. The pitch and yaw
deviations can be less than 1 arc sec over 380 µm travel range. The flexure leaf has a big
resonance frequency and a compact size. Most of the commercial flexure stages are made of
flexure leaf type [63-70].
     
             (a). Flexure notch                      (b). Flexure leaf
Figure 3.6 Flexure stage (Notch and Leaf)
It is helpful for the engineers to have design guides in the choice of the best material and
mechanical structure. A theoretical principle and stiffness analysis of double compound
flexure stages were studied by Dr. Yeh [72]. Figure 3.7 shows the structure of a double
compound flexure stage containing base, moving stage, dummy stages, and springs. The
moving stage is driven by a PZT actuator and gets a perfect moving line without straightness
error and angular errors that are limited by dummy stages and springs on both sides. The mass
of dummy stage, of moving stage, and of spring are m1, m2, and m3 respectively. The
displacement of the dummy stage relating to the base is q1, the displacement of the moving
stage relating to the dummy stage is q2. The rotate inertial of spring is I, the length of spring is































































Figure 3.7 Double compound flexure stage
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According to the Euler-Lagrange equation:
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two equations can be obtained from equation 3.2.
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If the springs are in steady free oscillation state and lets
               tieAq ω11 = ,    and     
tieAq ω22 = .                     (3.8)
The natural frequency (ω) of flexure stage can be derived as:
                 0)()( 2242 =−++− ccdcaadb ωω .                     (3.9)
3.3.2 PI Active Flexure Stage
The above section provides a general rule to estimate the natural frequency of the double
compound flexure stages. Some engineers like to use the finite element method (FEM) to
analyze the characters of the flexure stages such as natural frequency, maximum loading,
stiffness, and straightness. After contacting and discussing with the Physik Instrumente (PI)
GmbH in Germany (one of the best designers and manufacturers of the flexure stage in the
world), a custom-modified flexure stage (P-731K031) was designed and manufactured by the
PI, and established in the CMS. This flexure stage [72] was a 3-axis motion stage with error
compensation in all moving and rotating axes (see Figure 3.8). The specifications included
100×100×10 µm3 travel range, 1 nm resolution in X and Y axes, 0.2 nm resolution in z axis,
0.5 nm out of XY plane motion, 0.5 arc sec angular deviation (Pitch, Yaw, and Roll), 150 Hz
resonant frequency in X and Y axes and 300 Hz resonant frequency in Z axis at 1.5 kg load.
All components were made of super-Invar (a low coefficient of thermal expansion of 0.6×10-
6/°C), and feedback-controlled by 6 capacitance sensors inside and an E-710K009 digital
controller. Figure 3.9 shows the drawing of the PI flexure stage. An L-shape mirror with a
flatness of 30 nm and a square angle error of 1 arc second was located on the top of the
flexure stage as the moving mirror of the laser interferometers used.
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Figure 3.8 PI Flexure stage
Figure 3.9 Drawing of PI Flexure stage (unit: mm)
3.4 Metrology Frame
In dimensional metrology, a metrology frame should be considered to connect the measuring
probe and displacement sensor. It can maintain a constant distance between the probe and
displacement sensor. A super-Invar (low coefficient of thermal expansion material) plate
shown in Figure 3.10 was used as the metrology frame in the TAFM. The frame was
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supported on the same granite table of the flexure stage by four sphere-head bolts in quasi-
kinematic mounting (one cone, one vee groove and two planes). The AFM head and
electronic box were taken apart from the instrument base and fixed on the metrology frame by
six screws. The two laser interferometers (X- and Y- axis) were fixed on the same frame with
four vertical super-Invar boards and eight screws. Figure 3.11 shows the metrology system of
TAFM. The moving mirror was fixed on the flexure stage, and the reference mirrors were
fixed on the AFM head. The AFM probe tip was located at the intersection point of the lines
extended from the laser beams of the interferometers. This arrangement obeys the Abbe
principle [73] and can eliminate the measuring error caused by Abbe offset.
Figure 3.10 Super-Invar metrology frame





3.5 Vibration Isolation and Temperature Control
Vibration noise is a big error source for the precision dimensional measurement. A passive
pneumatic isolator is the first consideration for the vibration isolation. The passive pneumatic
isolator can avoid the vibration noise from the environmental conditions like transportation in
the road, people walking in the hall, and other machines in the other rooms. Most passive
isolators are employed for the vibration higher than 2 Hz. In this study, a lower natural
frequency vibration isolator (Nano-K platform, made by Minus K Technology) based on
negative stiffness mechanism (NSM) was applied in the TAFM. The natural frequency can be
better than 0.5 Hz in all axes.
A revolutionary concept in low frequency vibration isolation is utilized in the Nano-K
vibration isolator [74]. Typically, three isolators are stacked in series: a tilt-motion isolator on
the top of a horizontal-motion isolator on the top of a vertical-motion isolator. The negative
stiffness mechanism is shown in Figure 3.12. It uses a conventional spring to connect an NSM
consisting of two bars or flexures hinged at the center in vertical isolator, supported at their
outer ends on pivots, and loaded in compression by force Pc (Figure 3.12(a)). The spring is
compressed by weight W to the operating position of the isolator.
The vertical stiffness of the isolator is K=KS-KN, where KS is the spring stiffness and KN is the
magnitude of a negative stiffness which is a function of the length of the bars and the force
(Pc). The net vertical stiffness is made very low without affecting the static load supporting
capability of the spring. Beam-columns connected in series with the vertical motion isolator
provide horizontal motion isolating. The horizontal stiffness of the beam columns is reduced
by the "beam-column" effect (A beam-column behaves as a spring combined with an NSM).
The beam-columns have a horizontal stiffness KS without the weight load. The lateral bending
stiffness is reduced by the "beam-column" effect while loading a weight W (Figure 3.12(b)).
This behavior is equivalent to a horizontal spring combined with an NSM so that the
horizontal stiffness is K=KS-KN, and KN is the magnitude of the beam-column effect. The
stiffness of isolator can approach to zero when the spring supports the weight (W). The result
is a compact passive isolator capable of very low vertical and horizontal natural frequencies
and very high internal structural frequencies (Minus K, US Patents: 5390892, 5310157,
5178357).
            (a) Vertical            
Figure 3.12 Ne
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TAFM are as following: First, to assemble the test specimen on the flexure stage and then use
the optical microscope of the AFM to find an appropriate testing area. Second, to use the DI
AFM to tune the control parameters for a null displacement scanning (0×0 nm2 scanning
range in the XY plane, only at Z height sensing). Then to use a homemade program in
LabVIEW in an industrial computer to servo control the two-dimensional scanning of the
flexure stage with PI E-710K009 digital control box and GPIB interface, read the voltage of
the Z axis capacitance sensor of the AFM, and read the displacements of the flexure stage
relative to reference mirror from the differential plane mirror laser interferometers. The
displacements of X- and Y-axis of flexure stage from laser interferometers via RS232
interfaces and the voltage of Z-axis of DI AFM via a National Instrument (NI) PCI-6034E AD
card are obtained in the same time, while the AFM probe is scanned. Their results can be used
to calibrate the grating pitch, step height, and line-width with additional software. Finally, to
use a program in Matlab to do the equivalent space interpolation in the X and Y directions,
and the SPIP software to calculate the pitch value and the pattern tilt angle.
Figure 3.14 Schematic diagram of TAFM
3.7 Assembly Procedure of TAFM
The TAFM was a high accurate instrument traceable to the SI. It contains a commercial
Dimension Metrology AFM, a 3-axis active compensation flexure stage, two differential plane
mirror laser interferometers, an L-shape mirror, a Super-Invar metrology frame, a vibration
isolator, and an enclosed box with temperature-controlled circulatory water. The assembly
































3.7.1 Install the AFM head
The DI 3100M AFM is originally fixed on instrument base (475 mm×318 mm×76.5 mm).
A. Remove the Dimension Metrology AFM head carefully.
B. Remove the electronic unit and the bridge for the AFM head from the instrument base.
Make marks on each cable and connector.
C. Locate the instrument base of the AFM on a granite table (600 mm×400 mm×88 mm)
supported by a vibration isolator. Then put the super-Invar metrology frame on the granite
table with four sphere-head pivots by quasi-kinematic mounting. Use a high master and
adjust the screws of four pivots to a same height of 114.5 mm on the top of super-Invar
plate from the granite table.
D. Fix the electronic unit and bridge of the AFM on the super-Invar plate by six screws. Then
install the Dimension Metrology AFM head.
E. Figure 3.15 shows the assembly of the AFM and metrology frame. The AFM function was
tested by a VLSI standard with a unit cell of 3×3 µm2 of 2-D grating.
Figur
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Figure 3.16 Install the interferometers
3.7.3 Install the flexure stage
A. Remove the Y-laser interferometer before the alignment and angular deviation testing of
the flexure stage by an autocollimator.
B. The original design of measuring range of the TAFM included a coarse motion of 120 mm
× 100 mm × 12 mm and a scanning range of 100 µm × 100 µm × 6 µm. The picture of
Figure 3.17(a) shows an angular deviation testing of the X-Y coarse motion with a true
square standard (90 ° ± 0.2 ”) and an autocollimator. The yaw error was bigger than 1 arc
minute over 50 mm travel. And after adding the flexure stage on the air bearing table
(sample table of the DI AFM), the coarse motion system did not work that might be
caused by the additional weight of the flexure stage. Therefore, disable the power of the
X-Y coarse motion, and disassemble the vacuum chuck and leadscrew drivers.
C. Sequentially install of the adapter board, flexure stage, and true square standard on the
vacuum chuck of AFM shown in the right picture (b) of Figure 3.17.
D. Use a linear variable differential transducer (LVDT) to align the true square standard to
parallel to the flexure stage while driving the flexure stage in the whole travel range.
E. Assemble an autocollimator and align it to the true square standard. Then install an L-
shape mirror on the flexure stage and align it to the autocollimator.









    (a). Alignment with autocollimator          (b). Install and test of flexure stage
Figure 3.17 Install the flexure stage
3.7.4 Assemble the reference mirrors
A. Careful adhere the reference mirrors on the Dimension Metrology AFM head with Torr
Seal (a special adhesive for vacuum components). It needs one day for drying and fixing of
the Torr Seal.
B. Fine turn the adjusting screws on the base-plate of sensor head of interferometer till the
measuring beam and its reflection beam are vertical to the L-shape mirror.
C. Fine adjust the adjusting screws on the adopter plate of reference mirrors till the reflection
reference beam coincides to the incident reference beam. At this moment, a circle signal of
interferometer will appear on the screen of oscilloscope. Figure 3.18 shows the assembly
of one reference mirror on the AFM head.













3.7.5 Align the Interferometers and Flexure stage
A. Connect each set of the analog signals of the interferometers to the oscilloscopes. Iterative
adjust of the sensor heads and reference mirrors to get the best signals on the oscilloscopes.
B. Drive the flexure stage for the whole range travel (100 µm) in the X- axis and capture the
displacements from the Y-laser interferometer at the same time. Fine knock the base-plate
of the flexure stage with a small plastic hammer and test again till the displacements from
the Y-laser interferometer approaching to zero. Figure 3.19 shows the final test result of the
alignment between the laser interferometers and the flexure stage. The noise of 20 nm
caused by the influence of conditioned air.
Figure 3.19 Alignment of the interferometers and flexure stage
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4. Application in Pitch Measurement
The traceability of the AFMs has been described in section 2.1. The National Metrology
Institutes and AFM manufacturers are developing the standards for the calibration of AFM for
it’s widely use in the semiconductor industry and the fields of nanotechnology. The AFM
standards include one-dimensional pitch standards, two-dimensional pitch standards,
linewidth standards, roughness standards, and step height standards. For the international
comparison on nanometrology, the working group for nanometrology (Working Group 7 on
Dimensional Metrology, WGDM-7) of the Consultative Committee for Length (CCL) decided
that each entity has to perform the preliminary comparisons on the following five topics [76]
at the discussion meeting in Bureau International des Poids et Mesures (BIPM) in June 1998.
Nano1 Line width standards




In particular, an international comparison with one-dimensional pitch of diffraction gratings
was organized by the Metrology and Accreditation in Switzerland (METAS, the previous
Swiss Federal Office of Metrology, OFMET) in 1998. The pitch of one-dimensional gratings
was mostly measured by Metrological AFM or laser diffractometer. There were 11
participants and 6 National Metrology Institutes using AFM to measure the pitch value. At
that time, the CMS did not have any Metrological AFM or laser diffractometer. Therefore, the
pitch gratings were measured by comparative method with a commercial AFM. In this study,
a TAFM has been established to measure the AFM standards such as one-dimensional pitch,
two-dimensional pitch, and step height standards in Taiwan. The following sections will
introduce the one-dimensional pitch standards developed by some National Metrology
Institutes and AFM manufacturers. The measuring procedures of one-dimensional pitch
standards by the TAFM will be also discussed.
4.1 Pitch Standards
A. RM 8090 at the NIST
The Reference Material (RM) 8090 is primarily intended to calibrate the magnification scale
of scanning electron microscope (SEM) with nominal pitch ranging from 0.2 µm to 3000 µm
[77] in Unite States. It is fabricated by electron beam lithography and metal lift-off on a
silicon wafer substrate. The pattern comprises a layer of 10 nm titanium and 40 nm palladium
on a 10×10 mm2 silicon chip. It has the same thickness of silicon wafer; thus it can be inserted
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into the modern automatic measurement systems. The RM 8090 needs to be carefully
mounted, by the user, on the proper SEM stub or wafer type for the user’s particular
instrument. Figure 4.1 shows the SEM image of the part pattern on RM 8090 with a pitch of
0.2 µm. It was calibrated at the Precision Engineering Division of NIST using a modified
metrological Scanning Electron Microscope.
Figure 4.1 RM8090 at the NIST
B. SEM and SPM standards at the NPL
Figure 4.2 shows the picture of the SEM and SPM standards [78], which were developed by
the National Physical Laboratory (NPL) in the United Kingdom. They are calibrated by a
modified metrological SEM in the NPL and can be mounted on SEM stubs to verify the
magnification factors of SPM and SEM. The standards include 2160, 100, and 19.7 lines per
millimeter.
Figure 4.2 SEM and SPM standards at the NPL
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C. One-dimensional gratings TDG01 made by NT-MDT
Figure 4.3 shows the AFM image of the one-dimensional diffraction gratings TDG01 [79]
made by the Molecular Devices and Tools for NanoTechnology (NT-MDT) in Russia. The
diffraction grating TDG01 is intended for sub-micron calibration of the scanning probe
microscopes in the X and Y directions. It is formed on an aluminum layer on a glass substrate.
The nominal pitch value is 278 nm with an uncertainty of 1 nm.
Figure 4.3 One-dimensional gratings TDG01 made by NT-MDT
D. MOXTEK SPM Calibration Standards
The MOXTEK manufactures three types of SPM Calibration Standards [80]. They are one-
dimensional gratings (MXS 301CE and MXS 701CE, see Figure 4.4), two-dimensional
gratings (MXS 302CE and MXS 702CE), and High Precision Calibration Standards (MXS
301BE). The one and two-dimensional gratings comprise a 60 nm tungsten film on the silicon
wafer. The nominal pitch values are 300 nm and 700 nm, and the accuracy is 3 %. The High
Precision Calibration Standards consists of a 20 nm titanium layer on the silicon wafer. The
nominal pitch value is 300 nm and the accuracy is 1 %. The MXS 301CE and MXS 701CE




     
Figure 4.4 MOXTEK SPM Calibration Standards
E. NanoLattice Pitch Standards made by VLSI
The VLSI Standards Incorporated is one of the standards suppliers for the semiconductor
industry. The NanoLattice Standard (NLS)[81] shown in Figure 4.5 is the newest SEM pitch
calibration standard. It has a 0.1 µm nominal pitch required for SEM magnification
calibration and characterization of non-linearity across the field of view. The NIST Traceable
NanoLattice consists of a 1 mm × 1 mm grating etched in silicon with a nominal pitch of 100
nm. When mounted on a wafer, the chip is placed in a recessed pocket so that it is coplanar to
the surface of a wafer with a tolerance of ±15 µm.
 
Figure 4.5 NanoLattice Pitch Standards made by VLSI
4.2  Pitch Measurement by TAFM and SPIP
After finishing the establishment of TAFM, the first application was to measure the one-
dimensional pitch of diffraction gratings: First, to measure the surface texture of sample and
capture the displacements of the X and Y directions from the laser interferometers and Z-
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capacitance of the AFM. Second, to do the equivalent space interpolation in the X and Y
directions by use a program in Matlab. Finally, to calculate the pitch value and the pattern tilt
angle by feeding the interpolated data from the Matlab program into the SPIP software. A
MXS 301BE high precision one-dimensional pitch standard made by Moxtek acts as a check
standard to assess the TAFM. The measuring procedure is described as following: [82]
4.2.1 Pitch Calibration by TAFM
A. Locate the MXS 301BE sample on the flexure stage of TAFM shown in the Figure 4.6. The
grating’s direction is perpendicular to the X direction. Rotate the sample till the angle
deviation about less than 6 °.
B. Use the optical microscope of the TAFM to find an appropriate area (without
contamination and defects), then turn on the flexure stage, laser interferometers, and
temperature-controlled water circulator.
C. Wait about one night for the temperature in the enclosed box near to 20 °C.
D. Use the DI AFM scanning an area larger than 10 times of the nominal pitch value to tune
the control parameters of the AFM.
E. The TAFM uses the sample-scanning mode and the cantilever tip must be at stationary in
XY plane. Therefore, change the scanning area to zero in the XY plane, and let the AFM
only operating in Z height sensing.
                            
x
EAM G-700/1
Figure 4.6 Sample locating in the TAFM
F. Run the 2d_scan_frontend_h.vi (see appendix 9.1) program written in LabVIEW. The






Figure 4.7 TAFM operation panel
G. Key in the number of steps of each scanning line in the X direction, tolerances in the X and
Y directions, scanning speeds, scanning range, step size between lines in the Y direction,
and output data filename.
H. Push the “start” function icon, and push the “interf.Conf.” function icon to adjust the
configuration of laser interferometers.
I. Choose the “Scan MA Step 1 RS232” function icon and push the “Start Scan” function
icon to measure the sample. The measuring data will put into the preset filename in step G.
Measuring data include the X- and Y- displacements from laser interferometers and the Z-
displacement from the capacitance sensor of the AFM.
4.2.2 Interpolation by Matlab Program
A. Use a program written in Matlab (see appendix 9.2) to do the equivalent space
interpolation in the X and Y directions of the file obtained from the TAFM.
B. The output includes the interpolation ranges of the X and Y directions (txx and tyy), a 3D
image of interpolation area (see Figure 4.8), and a data file of every Z height of each cross
point with equivalent space in the X and Y directions.
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Figure 4.8 3D image after interpolation by Matlab
4.2.3 Calculation the Pitch Value by the SPIP Software
A. Run the SPIP software, and key in the data filename created by the Matlab interpolation
program shown in Figure 4.9.
B. Key in the txx and tyy into the blanks of “X Size” and “Y Size”, interpolation points of the X
and Y directions into “Number of X, Y Pixels”, then choose a Data type of “ASCII” and
push the “Guess All” function.
C. Choose the “Fourier Menu” function in the SPIP main panel, a “Fourier Menu” panel will
show in the screen.
D. Choose the “Parallel Lines” function on the “Fourier Menu” panel, a two-dimensional
image of calibration area and a panel “Unit Cell and Calibration results” will appear in the
screen shown in Figure 4.10.
E. The value of the cross of row “a vector” and column “Length” is the average value of pitch
calibration. And the value of the cross of row “a vector” and column “Angle” is the
average value of the pattern tilt angle.
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Figure 4.9 SPIP parameters input panel
Figure 4.10 Pitch calculation result by SPIP
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5. Result and Discussion
5.1 AFM test
A VLSI STS3-1800P standard (two-dimensional pitch standards with grid pitch of 10 µm×10
µm, and depth of 180 nm) was used to test the maximum measuring range, noise level, and
linearity [83-84]. The DI Dimension Metrology AFM was always operating in “Tapping
mode”. Figure 5.1 shows the maximum range test of the DI AFM. The measuring range was
70 µm×70 µm in the X and Y directions. The scanning rate was 0.5008 Hz. The left picture
shows the height in the Z direction (0~500 nm). The right picture shows the voltage output of
capacitance sensor in the Z direction. It can be exported for the application of TAFM.
Figure 5.1 Maximum measuring range test (X and Y)
The noise level testing is shown in Figure 5.2. The scanning range was changed to 1 nm × 1
nm. The scanning rate was 9.766 Hz. The number of measuring points of each scanning line
was 256, and the scanning lines were 256. The result of noise level testing in the Z direction
was 0.039 nm (RMS, Root Mean Square).
The linearity test in the X direction is shown in Figure 5.3. The displacements of scanner of
the DI Dimension Metrology AFM were close-loop-controlled by three capacitance sensors,
one for each axis. This test was to check the relations between the applied voltage and time,
and the relation between the displacement and time during scanning. The upper Figure shows
the applied voltage versus time, and the lower Figure shows the displacement versus time.
The results of linearity test in X and Y directions were less than 0.05 %.
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Figure 5.2 Noise level test
Figure 5.3 Linearity test in X direction with constant speed
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5.2 Laser interferometer test
A program in LabVIEW was developed to test the noise of the SIOS differential plane mirror
laser interferometers. The measuring noise of laser interferometer affected by conditioned air
(in a temperature-controlled laboratory without an enclosed cover) was about 20 nm in 17
second shown in Figure 5.4. The signal-sampling rate of laser interferometers was 6000
samples/second, and the average number of samples was 1024 of each channel. The X-
direction’s interferometer included two signals of 1A and 1B, and Y-direction’s interferometer
included two signals of 2A and 2B.
Figure 5.4 Interferometer noise without enclosed cover
After adding an enclosed box made of stainless steel sheets and thermal isolation material to
cover the whole measuring machine, the noise of laser interferometers was reduced to about 2
nm in 18 seconds as shown in Figure 5.5. The signal-sampling rate was 1024 samples/second,
and the average number of samples was 128 of each channel. The X-direction’s
interferometer included channel 1 and channel 2, and Y-direction’s interferometer included
channel 3 and channel 4.
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Figure 5.5 Interferometer noise with enclosed cover
5.3 Active compensation flexure stage test
A program in LabVIEW was written to test the performances of PI P-710K031 compensation
flexure stage. Figure 5.6 shows the positioning noise at zero point. The displacements were
measured by its capacitance sensors inside. The variation in the X direction (Axis 1) was less
than 4 nm in 5.5 seconds. The variation in the Y direction (Axis 2) was less than 2.5 nm in 5.5
seconds. The variation in the Z direction (Axis 4) was less than 1 nm in 5.5 seconds.
Figure 5.6 Positioning noise at zero point
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Figure 5.7 shows the crosstalk while the stage was moving from 0 to 100 µm in the X
direction (Axis 1). The variation in the Y direction (Axis 2) was less than 4.5 nm. The
variation in the Z direction (Axis 4, according to the definition of PI stage) was about 1 nm.
Figure 5.8 shows the variation in the Z direction while stage was scanning in the X and Y
directions. The scanning included 100 µm of forward and backward scanning lines (512
points) in the X direction, and 10 µm of spacing in the Y direction. The variation in the Z
direction was about 1 nm.
Figure 5.7 Crosstalk error while m
Figure 5.8 X-Y scanning test
)
( )(X 
)(YZoving in X direction
of flexure stage
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Figure 5.9 shows the positioning calibration of flexure stage in the X direction by ZYGO Z-
1000 laser interferometer calibrated by PI [85]. The deviations in the X and Y directions were
less than 4 nm, and the deviation in the Z direction was less than 1 nm.
X (µm) X (µm) Y (µm) Z (µm) X (µm) X (µm) Y (µm) Z (µm)
5 0.0018 0.0011 0.0006 55 0.0018 0.0012 0.0003
10 0.0023 0.0012 0.0006 60 0.0030 0.0008 0.0004
15 0.0026 0.0015 0.0005 65 0.0017 0.0015 0.0004
20 0.0020 0.0014 0.0004 70 0.0020 0.0010 0.0008
25 0.0029 0.0008 0.0004 75 0.0016 0.0010 0.0006
30 0.0020 0.0015 0.0006 80 0.0015 0.0006 0.0004
35 0.0012 0.0008 0.0005 85 0.0015 0.0010 0.0005
40 0.0019 0.0012 0.0002 90 0.0019 0.0019 0.0005
45 0.0015 0.0017 0.0007 95 0.0017 0.0015 0.0003
50 0.0038 0.0021 0.0003 100 0.0025 0.0013 0.0005
Figure 5.9 Calibration by laser interferometer
Figure 5.10 is a noise test in z-axis of the TAFM with a 3µm × 3µm scanning area. The data
were taken from the internal capacitance sensors of PI flexure stage. There were 128 scanning
lines in Y-axis and 512 scanning points at each scanning line in X-axis. It took about 42
seconds for each scanning line. Each noise test took one and half-hour. The specimen was
MXS 310BE made by Moxtek Company with a nominal pitch of 292 nm. The noise of PI
flexure stage in z-axis (out-of-plane motion) was less than 0.5 nm measured by the internal
capacitance sensor.
Figure 5.10 Noise test of PI flexure stage by capacitance sensor
5.4 Temperature test
The noise of laser interferometer in air conditioned room was about 20 nm. After cover the
~50~
whole measuring instrument with an enclosed box. The noise could decrease to about 2 nm in
18 seconds (see Figure 5.5). However, the temperature increased from 20.3°C to 23.7°C
within 8 hours (see Figure 5.11). The temperature changing may be caused by the heat
emission of the electronics of the DI AFM. The displacement deviation between reference
mirror and moving mirror was about 5 µm in y-axis in one hour. After assembling a
temperature control system with circulating water, the temperature can be controlled within
20±0.3 °C. Figure 5.12 shows the temperature variation in the enclosed box with temperature
control system in 48 hours.
Figure 5.11 Temperature variation without temperature control
Figure 5.12 Temperature variation with circulating water in 48 hours
Figure 5.13 and Figure 5.14 show the results of pitch measurement on the same scanning area
of the Moxtek MXS 301BE 1-D gratings sample [80]. The AFM was only controlled at the Z-
height sensing and the sample scanning in XY plane was controlled by the PI flexure stage.
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The displacements of X- and Y- axes were read by the SIOS differential laser interferometers
and the displacement of Z-axis is read by the capacitance sensor of the AFM. In the image of
Figure 5.13, there were some drifts in all three axes: 1µm in X-axis, 3.8 µm in Y-axis, and 0.1
µm in Z-axis. They were caused by the temperature change due to heat emission from the
electronic unit of the AFM, and the biggest drift was in Y-axis. After adding a temperature-
controlled system with circulating water, a better result was obtained as displayed in Figure
5.14. There was no drift in Z-axis, but there were still about 20 nm drifts in X- and Y- axes in
20 minutes.
Figure 5.13 TAFM test without temperature control
Figure 5.14 TAFM test with temperature control
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5.5 Vibration noise test
Figure 5.15 shows the natural frequency test of vibration isolator (see Figure 3.1) by using a
PCB 393B31accelerator (S/N: 5113) and a HP 35670 analyzer (S/N: 3613A03665). The
period of one cycle is 2.929688 - 0.9375 = 1.992188 (sec). So, the natural frequency equals
1/1.992188 = 0.50196 (Hz). After the assembly of the TAFM, the noise level of AFM in the Z
direction became to 0.67 nm (RMS, see Figure 5.16). And a few nm noises appeared at the
output signal of the TAFM shown in Figure 6.3 on page 78. A more sensitive accelerator also
was used to measure the natural frequency of metrology frame. A 9 Hz natural frequency in
vertical direction was obtained.
Figure 5.15 Natural Frequency test of vibration isolator
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Table 5.1 shows the results of pith measurement by the TAFM. First, to obtain a set of three-
dimensional surface texture. Then, to do the equivalent space interpolation in the X and Y
directions by use of a program written in MATLAB. Finally, to calculate the pitch value and
the pattern tilt angle by use of the SPIP software. The measuring area was 3.5×3.5 µm2 in XY
plane. The average pitch value of 16 measurements was 291.63 nm. And the standard
deviation was 0.071 nm.
Table 5.1 Pitch Measurements

















5.7 Uncertainty Evaluation of Pitch Measurement
According to the “ Guide to the Expression of Uncertainty in Measurement” [12], the first
important thing is to establish a measuring equation to follow measuring method and the
sample to be tested. The measurand may be not measured directly, and may be determined by
some parameters such as laser wavelength, temperature, pressure, humidity, and mechanical
structure. The second procedure is to evaluate the standard uncertainties of every error source.
They can be estimated by the calibration certificates or by experiences. Then, calculation of
the estimated combined standard uncertainty is done by the square root of the combined
variance. Finally, the effective degrees of freedom and the coverage factor to get the expanded
uncertainty are calculated.
5.7.1 Measuring Equation
According to the calibration procedure of pitch measurement, the pitch value and the pattern
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tilt angle were calculated by the FFT function of the SPIP software (version 1.92). The SPIP
software was developed by Image Metrology Cooperation [8]. It was difficult to get the











 (a).Three-dimrnsional profile by Matlab program       (b).Mathematics simulation
Figure 5.17 Simulate of pitch measurement
Figure 5.17 shows a three-dimensional profile after interpolating by the program in Matlab,
and a mathematics simulation of measuring procedures. Making a dash line perpendicular to
the pitch pattern yields the intersection points (x1, y1), (x2, y2), (x3, y3)… (xn, yn) as shown in
Figure 5.17(b). The average pitch value P, according to the measuring procedures, can be
expressed as:



















++ ,                             (5.1)
where 
1P
ε is the error of pitch measurement by the TAFM, 2Pε  is the error of pitch
calculation by the SPIP software, (xi , yi) are the intersection points, and m is the number of
intersection points. The xi and yi are obtained from the laser interferometers while the sample
is moving by the flexure stage. So xi and yi are the displacements of flexure stage in the X and
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λ0 : Laser wavelength in vacuum,
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ntpf : Refractive index of air, function of air temperature t, air pressure p, and vapor pressure f,
N : Counting of laser interferometer,
θ : Angle between the laser beam and moving axis of the flexure stage,
β : Angle deviation of the flexure stage,
d：Abbe offset.
The dimension of the sample to be tested may be changed if the surrounding condition varies.
So the calibration result must be corrected to a value at 20 ˚C. Figure 5.18 shows the diagram
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Figure 5.18 Diagram block of displacement measurement
In equation 5.3: ts is temperature of sample to be tested; α is coefficient of thermal expansion
of sample to be tested; 
tpfn
0λ  is the laser wavelength in the air; A is the distance between the
moving mirror and probe tip; B is the distance between the moving mirror and reference
mirror (Dead path); C is the distance between the reference mirror and probe tip. The laser
wavelength in air will be changed while the surrounding condition is changing. The refractive
index of air must be corrected by Edlén [86-89] and Wexler formulas with the air temperature,
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p : Pressure (Pascal)
t90: Temperature (ºC)
σ : 1 / λ o (µm− 1 )
f : Vapor Pressure (Pascal)
RH: Relative Humidity
esw(T): Saturated Vapor Pressure (Pascal)
T: Absolute temperature (K)
5.7.2 Standard Uncertainty
The error sources of pitch measurement contain the laser wavelength of interferometer,
refractive index of air, coefficient of thermal expansion, temperature of sample, mechanical
structure, dead path, alignment, straightness, Abbe offset, and practical measuring deviation.
The error budget will be described in detailed as follow.
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5.7.2.1 Laser wavelength of interferometer
A. Laser wavelength in vacuum
The laser interferometers were used to measure the motions of the PI flexure stage in the X
and Y directions. The vacuum wavelength of laser interferometer from the calibration
certificate was 632.991234 nm. It was calibrated by a stabilized Iodine He-Ne laser. The
deviation of vacuum wavelength was ± 81027.1 −× µm and was attributed as a rectangular
distribution in pitch measurement. Then the standard uncertainty of vacuum wavelength
u(λ0) was 81027.1 −× /
81073.03 −×= (µm); the sensitivity coefficient 
0λ∂
∂F  was 1.5798 L
µm-1 (see section 5.7.3 on page 62). The estimated bounds of ± 81027.1 −× µm for the
vacuum wavelength are believed to be reliable to 10 percent (The relative uncertainty was
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B. Nonlinearity
According to the specifications of the SIOS SP 500DD laser interferometer, the
nonlinearity was 2 nm. Its contribution in pitch measurement was attributed as a retangular
distribution. Then the standard uncertainty of nonlinearity u(λn) was 1.15 nm, and the
sensitivity coefficient was 1 (see table 5.2 on page 64). The relative uncertainty was ∆u(xi)/
u(xi)=0.1, which gives the degrees of freedom ν(λn) =50, as derived by equation 5.6.
5.7.2.2 Refractive index of air
The measurement of length is made in the ambient conditions; therefore, a correction must
be applied to the laser wavelength in air. The laser wavelength in air will be varied due to
the changes of the refractive index of air. The refractive index of air is determined by the
Edlén’s formula with parameters of air temperature, air pressure, and relative humidity.
During the period of pitch measurement, the laser wavelength must be corrected according
to the air temperature, air pressure, and relative humidity.
A. Edlén’s formula
The laser wavelength in air is corrected by the revised Edlén formula [87-88]. The
expanded uncertainty of Edlén’s formula is 3 × 10-8. Its contribution was attributed as a
rectangular distribution of pitch measurement. The standard uncertainty of Edlén formula
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∂  was −0.9997L (see section
5.7.3 on page 62). The relative uncertainty was ∆u(xi)/ u(xi)=0.1, which gives the degrees of
freedom ν(ntpf) =50, as derived by equation 5.6.
B. Air temperature
The air temperature in the enclosed box of the TAFM was controlled within (20 ± 0.3) °C.
Its contribution in pitch measurement was attributed as a rectangular distribution. The




∂  was 9.53 × 10-7 L °C-1 (see section 5.7.3 on page 62). The relative uncertainty was
∆u(xi)/ u(xi)=0.1, which gives the degrees of freedom ν(t) =50, as derived by equation 5.6.
C. Air pressure





−2.68× 10−9L Pa−1 (see section 5.7.3 on page 62). The contribution in pitch measurement
was attributed as a rectangular distribution. Therefore the standard uncertainty of air
pressure u(p) was 28.87 Pa. The relative uncertainty was ∆u(xi)/ u(xi)=0.1, which gives the
degrees of freedom ν(p) =50, as derived by equation 5.6.
D. Relative Humidity





8.5× 10−9L %−1 (see section 5.7.3 on page 63). Its contribution was attributed as a
rectangular distribution. The standard uncertainty of relative humidity u(f) was 5.77 %. The
relative uncertainty was ∆u(xi)/ u(xi)=0.1, which gives the degrees of freedom ν(f) =50, as
derived by equation 5.6.
5.7.2.3 Coefficient of thermal expansion
The material of pitch standards was silicon wafer. The coefficient of thermal expansion
(CTE) was (2.55 ± 1) × 10-6 °C-1. It contributed a rectangular distribution in pitch
measurement. Therefore the standard uncertainty of the coefficient of thermal expansion
u(α) was 0.577 × 10-6 °C-1, and the sensitivity coefficient ∂α
∂F  was 0 (see section 5.7.3 on
page 63). The relative uncertainty was ∆u(xi)/ u(xi)=0.1, which gives the degrees of
freedom ν(α) =50, as derived by equation 5.6.
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5.7.2.4 Temperature of sample
The air temperature in the measuring volume was controlled within (20±0.3) °C. Assuming
that the temperature change of the sample was as the same as that of the air temperature.
Thus the standard uncertainty of sample temperature u(ts) was 0.173 °C, and the sensitivity
coefficient was −2.55 × 10-6 L °C-1 (see section 5.7.3 on page 63). The relative uncertainty
was ∆u(xi)/ u(xi)=0.1, which gives the degrees of freedom ν(p) =50, as derived by equation
5.6.
5.7.2.5 Mechanical structure (Metrology loop)
The TAFM was built based on a commercial AFM and assembled with a 3-axis flexure
stage, two laser interferometers, an L-shape mirror, and a super-Invar metrology frame. The
positions of laser interferometer, probe, and stage were affected by temperature-change. In
Figure 5.18, A is the distance between the moving mirror and probe tip, B is the distance
between the moving mirror and reference mirror, and C is the distance between the
reference mirror and probe tip.
A. Distance between the moving mirror and probe tip(A)
The material of the flexure stage was super-Invar with a coefficient of thermal expansion of
0.6 ×10-6 °C -1. The distance of A was about 82 mm, and the estimated sample temperature
changing was 0.025 °C, which was the same as the air temperature-change during one pitch
measurement. So the change of A equals 82 × 0.6 × 10-6 × 0.025 = 1.23 (nm). Assuming
that its contribution was attributed a rectangular distribution. The standard uncertainty of
flexure stage u(A) was 0.36 nm, and the sensitivity coefficient was 1 (see section 5.7.3 on
page 63). The relative uncertainty was ∆u(xi)/ u(xi)=0.2, which gives the degrees of
freedom ν(A) =12.5, as derived by equation 5.6.
B. Distance between the reference mirror and probe tip(C)
The material of the AFM head was Aluminum alloy with a coefficient of thermal expansion
of 23 ×10-6  °C -1. The distances of C were about 48 mm in X-axis and 30 mm in Y-axis.
The dimension of reference mirror mount was 8 mm (super-Invar) and the thickness of
reference mirror was 6 mm (Quartz). An estimated material temperature-change was 0.025
°C during each pitch measurement. Therefore, the changes of C were (48×23+8×0.6+6×8)
×10-6×0.025 = 28.92 (nm) associated with a standard uncertainty u(C) of 8.35 nm in X-axis
(Rectangular distribution), and (30×23+8×0.6+6×8)×10-6×0.025 = 18.57 (nm) associated
with a standard uncertainty of 5.36 nm in Y-axis (Rectangular distribution). The sensitivity
coefficient was –1 (see section 5.7.3 on page 63). The relative uncertainty was ∆u(xi)/
u(xi)=0.2, which gives the degrees of freedom ν(C) =12.5, as derived by equation 5.6.
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5.7.2.6 Dead path (B)
The estimated dead path (B) was 20 mm as shown in Figure 5.18. The combined standard
uncertainty of refractive index of air u(ntpf) was 0.222 × 10-6. The deviation of B is 20 ×
0.222 × 10-6 × (0.05/0.3) = 0.74 (nm). Assuming that its contribution was attributed as a
rectangular distribution. The standard uncertainty u(B) was 0.21 nm, and the sensitivity
ceofficient was –1 (see section 5.7.3 on page 63). The relative uncertainty was ∆u(xi)/
u(xi)=0.2, which gives the degrees of freedom ν(B) =12.5, as derived by equation 5.6.
5.7.2.7 Stage alignment
The laser beam of the interferometer must parallel to the moving axis (X) of the flexure
stage used. The deviation of the flexure stage was about 20 nm read from Y-axis laser
interferometer over the whole 100 µm travel range in X-axis. So the deviation of angle
between laser beam and moving axis of flexure stage was 1
100000
20tan 1 ′±≈± − (see Figure
5.19 (a)). Assuming that its contribution was attributed as a rectangular distribution. The
standard uncertainty of alignment u(θ) was 0.57735 ’ or 2.9089 × 10-4, and the sensitivity
coefficient was 0 (see section 5.7.3 on page 63). The relative uncertainty was ∆u(xi)/
u(xi)=0.2, which gives the degrees of freedom ν(θ) =12.5, as derived by equation 5.6.
             (a) Stage alignment error                (b) Abbe error
Figure 5.19 Stage alignment error and Abbe error
5.7.2.8 Abbe error
The Abbe error can be calculated by the Abbe offset, the vertical distance between the
measuring axis and the standard axis. The Abbe error is d ×sinβ (see Figure 5.19(b)). The
Abbe offset was less than 1 mm and the angular deviation was 0.5 arc sec, therefore the














coefficient of angle deviation ∂β
∂F  was 1 mm (see section 5.7.3 on page 63). The relative
uncertainty was ∆u(xi)/ u(xi)=0.2, which gives the degrees of freedom ν(β) =12.5, as
derived by equation 5.6.
5.7.2.9 Measurement repeatability
A. TAFM by use of laser interferometer
The SIOS differential plane mirror laser interferometer can measure the displacements of a
moving flexure stage. In a pitch measurement experiment, the displacement in X-axis was
3146.63 nm and the displacement in Y-axis was 3242.97 nm. The standard uncertainties in
X-axis and Y-axis were 75.3077.0/16/)( == xx sNu and 5.147077.0/16/)( == yy sNu ,
respectively, where sx and sy are standard deviation of displacement measurements in the X
and Y directions, respectively. The sensitivity coefficient was 0.077 nm and the degrees of
freedom were 15.
B. Matlab program and SPIP software
In practice, the pitch measurement was carried out by a TAFM, a Matlab program and a
SPIP software. The average pitch value was 292.63 nm and the standard deviation was
0.282 nm of 16 measurements. So the sensitivity coefficient was 1 and the degrees of
freedom were 15.
According to above information, the standard uncertainty of the TAFM )(
1P
u ε  was
071.016282.0 =  (nm). The standard uncertainty of SPIP software )(
2P
u ε  was 0.048 nm,
sensitivity coefficient was 1 and the degrees of freedom were 39 (see appendix 9.3).
5.7.3 Sensitivity Coefficient
The sensitivity coefficient is calculated by partial differentiating each parameter of the
measuring equation. The equation 5.1 (see page 54) can be expanded as:
( ) ( )[ ] ( ) ( )[ ]
































 .  (5.7)
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The sensitivity coefficients of xi are derived by the partial differentiating the equation 5.7:
(where Ø indicate the angle between the normal of grating and X- axis.)
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The xi and yi are obtained from the laser interferometers while the sample is moving by the
flexure stage. So xi and yi are the displacements of the flexure stage in the X and Y directions,
respectively. The sensitivity coefficients of each parameter of the displacement from the laser
interferometers can be obtained as following (where L is the displacement):






















































































































































































































































5.7.4 Combined Standard Uncertainty
According to the “Guide to the expression of uncertainty in measurement”[12], the combined



































∂ .                      (5.8)
Substituting the results of the sensitivity coefficients and the standard uncertainties into
equation 5.8, the combined standard uncertainty of pitch measurement can be obtained as:
( ) ( ) ( ) ( ) ( )






































































































































 .  (5.11)
Table 5.2 shows the error budget including the error sources, estimated uncertainty, error type,
distribution, standard uncertainty, sensitivity coefficient, and degrees of freedom.





































































CTE(α) 1×10-6 °C -1 B 1/√3 0.577×10-6  °C -1 0 0 50




















Dead Path (B) 0.74 nm B 1/2√3 0.21 nm -1 0.21 nm 12.5
Stage alignment (θ) 1’ B 1/√3 0.577 ’ 0 0 12.5
Abbe error (β) 0.5 ” B 1/√3 0.2886 ” 1 mm 1.4 nm 12.5
Pitch Measuring (Nx) u(Nx) A 1 u(Nx) 0.077 nm 0.077 u(Nx) nm 15
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CTE(α) 1×10-6 °C -1 B 1/√3 0.577×10-6 °C -1 0 0 50




















Dead Path (B) 0.74 nm B 1/2√3 0.21 nm -1 0.21 nm 12.5
Stage alignment (θ) 1’ B 1/√3 0.577’ 0 0 12.5
Abbe error (β) 0.5 ” B 1/√3 0.2886 ” 1 mm 1.4 nm 12.5
Pitch Measuring (Ny) u(Ny) A 1 u(Ny) 0.077 nm 0.077 u(Ny) nm 15
In table 5.1, the mean value of 16 pitch measurements is 291.63 nm, and the standard
uncertainty is 0.071 nm. Substituting the values of table 5.2 into equation 5.10 and 5.11, the







































2622 )1049.0()nm)(077.0()nm56.8()( xxc LNuxu
−×++=  ,                  (5.12)
2622 )1049.0()nm)(077.0()nm67.5()( yyc LNuyu
−×++=  .                  (5.13)
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Substituting equation 5.12 and 5.13 into equation 5.9, the combined standard uncertainty of
pitch measurement is expressed as:
( )






















































































    (5.14)
5.7.5 Expanded Uncertainty
Generally, the expanded uncertainty U is intended to provide an interval about the result of a
measurement that may be expected to encompass a large fraction of the distribution of values
that could reasonably be attributed to the measurand [12]. The expanded uncertainty is
obtained by multiplying the combined standard uncertainty uc(y) by a coverage factor k:
                                  )(ykuU c= .                         (5.14)
The coverage factor k is chosen on the basis of the level of confidence required of the interval
y-U to y+U. It can be found from the t-distribution at a confidence level tc and degrees of
freedom ν.
Substituting the measuring result of table 5.1 into equation 5.14, yields the combined standard













































According to the Welch-Satterthwatte formula [12], the effective degrees of freedom (νeff) of
pitch measurement is derived by:
~67~




















































































































where uc(y) is combined Standard uncertainty of estimated output y, ui(y) is component of
combined Standard uncertainty uc(y) of input xi, νi(y) is degrees of freedom of standard
uncertainty u(xi) of estimated input xi. The sensitivity coefficients, standard uncertainties, and
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Then substituting these into equation 5.15, the effective degrees of freedom of pitch
























From t-distribution, it gives a 2.05 of effective degrees of freedom by a coverage factor k of
29 at 95 % confidence level (see table 5.3). So, the expanded uncertainty of any pitch





















































   ≈ ( ) ( )[ ] 2/1122 2.45.2 punm ε+                                            (5.16)
Table 5.3 Coverage factor defined from the degrees of freedom and confidence level
Fraction in percentDegrees of







































































































































































































A Traceable Atomic Force Microscope has been developed in the Center for Measurement
Standards in Taiwan. The TAFM can be used to calibrate the one-dimensional pitch standards
and provide the traceability of commercial Scanning Probe Microscope. The TAFM consists
of a commercial Atomic Force Microscope, an active-error-compensated flexure stage, two
differential plane mirror laser interferometers, a vibration isolator, and a super-Invar
metrology frame. The design concepts include the metric, the carriage and driver, the
metrology frame, the probe, the isolation, the symmetry, and the alignment [90-91]:
(1). Metric: Differential plane mirror laser interferometer
The displacements of the TAFM should be directly traceable to the SI. The displacements
can be measured by different sensors such as optical scale, x-ray interferometer, Fabry-
Perot interferometer, linear variable differential transducer (LVDT), capacitance sensor,
and laser interferometer. Figure 5.20 shows the limits of realizing a metric. A laser
interferometer is one of the instruments to realize the displacement measurement and to
trace to the SI. The advantages of laser interferometer are high resolution and large
measuring range, direct trace to laser wavelength, fast and ease of use. The limitations are
periodic nonlinearity, ghosts and diffraction effects. Figure 2.5 (see page 6) shows the
traceability of AFM. In the TAFM, two Differential plane mirror laser interferometers
were assembled in X and Y-axes. They were used to measure the displacements of test
sample seated on the flexure stage in the X and Y directions.
Figure 5.20 Limits of realizing a metric [92]












           Interferometry
STMS: STM Scales
XRI: X-Ray Interferometry




























(2). Carriage and driver: Active error compensation flexure stage
An instrument for displacement measuring should contain a carriage and a driver. The
carriage supplies a guide way of linear motion and the driver gives a linear motion. The
carriages can be realized by commercial products like sliding bearing guide way, roller
bearing guide way, air bearing guide way, magnetic bearing guide way, and flexure stage.
The commercial drivers are stepping motor, DC/AC servomotor, friction-driving driver,
voice coil, and piezo actuator. For the metrology systems, one should selects a guide way
with good straightness error and angular deviation and a driver with high positioning
resolution and accuracy. A coarse motion of 120 mm × 100 mm (component of
commercial DI AFM) and a fine motion of 100 µm × 100 µm were original designed in
the TAFM. The coarse motion system employed the ball bearing guide with stepping
motor. The fine motion system was a custom-modified PI flexure stage. But the angular
deviations (pitch and yaw) of coarse motion were bigger than 1 arc minute. Therefore, the
coarse motion was not used. Then the measuring range was limited to 100µm × 100 µm.
To avoid the errors caused by the intrinsic properties of the AFM scanner, a flexure stage
gave the sample scanning of the TAFM. A special custom-modified flexure stage made by
PI was installed in the TAFM. The stage contains 6 actuators and 6 capacitance sensors
for the 3-axis active error compensation. The travel range was 100µm × 100 µm in the
XY plane. The out-of-plane motion was 0.5 nm in the Z direction. The angular deviations
were less than 0.5 arc sec in pitch and yaw.
(3). Metrology frame: Super-Invar
The relationship between mechanical stiffness and resonance frequency should be
considered in mechanical structure design. Two basic design concepts, the structure loop
and the metrology loop, are important for the design of measuring instruments. The
structure loop is the path (or parallel paths) needed to trace from the probe tip through all
parts of its holder and through the overall holding structure back to that part of the
structure which holds the workpiece up to the corresponding points on the workpiece
surface. To shorten structure loop path from the probe to the sample can achieve an
improvement of the stiffness, and reduce the influences from vibration and temperature
changes. The metrology loop is the continuous path from the sense point on the probe or
contact point on the machine tool to a reference datum and then back to the contacted
point on the workpiece [92]. Figure 5.21 shows the structure loop and metrology loop in
Y-axis of the TAFM.
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Figure 5.21 Structure loop and metrology loop in Y direction of the TAFM
(4). Probe: Atomic Force Microscope
A probe is any means by which features, edges, and surfaces are located. Figure 5.22
shows the sensitivity of different probes. Figure 5.23 shows the idea probe shape with
only one atom on the tip. An AFM, as a probe, was used to measure the surface texture in
the TAFM. Figure 5.24 shows the images obtained from different probes. The left image
may be captured by a broken tip. So the shape of probe tip should be verified by a
standard sample before starting to measure.































Figure 5.22 The sensitivity of different probes [91]
Figure 5.23 The idea AFM probe tip [90]
Figure 5.24 Images from different probes [90]
(5). Isolation: vibration isolator and temperature control
“The experiment must be so arranged that the effects of disturbing agents on the
phenomena to be investigated are as small as possible” said by James Clerk Maxwell,
1890. Vibration and temperature changes will affect the results of dimensional
measurement. Some disturbing agents, for instances, building: 1-10 Hz; traffic: 5-100 Hz;
construction: 10-200 Hz; machinery: 10-200 Hz; acoustic: >20 Hz should be isolated.
They may cause a noise of 20 nm and a drift of a few micrometers to the laser
interferometer. A vibration isolator and a temperature-controlled enclosed box with
circulating water can eliminate the noises and drifts from the environment. Figure 5.4
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(see page 46) and Figure 5.5 (see page 47) show the laser interferometer test. The
measuring noise of laser interferometer affected by conditioning air (in a temperature-
controlled laboratory without an enclosed cover) was about 20 nm in 17 second. After
adding an enclosed box made of stainless steel sheets and thermal isolation material to
cover the whole measuring machine, the noise of laser interferometer was reduced to
about 2 nm in 18 seconds.
(6). Symmetry:
The mechanical structure of dimensional measuring instrument with symmetric design
will give good repeatability, stability, stiffness, and accuracy. The flexure stage is made
with symmetric springs. The metrology frame made of super-Invar was nearly
symmetrical in the X direction but asymmetrical in the Y direction (see Figure 5.21on
page 70). A nearly symmetric design in the X direction of TAFM is shown in Figure 5.25.
The super-Invar frame was supported by a quasi-kinematic mount with a set cone-vee-
plane and fixed on the cone, and four screws with spheres on a granite base. The
measuring results revealed evidences that the drift reading from the Y laser interferometer
was bigger than that from the X laser interferometer. Figure 5.13 (see page 51) shows
1µm drift in X-axis, 3.8 µm drift in Y-axis, and 0.1 µm drift in Z-axis. They were caused
by the temperature-change due to heat emission from the electronic unit of AFM. It can
be improved by adding a temperature-controlled system with circulating water and
changing the mechanical structure to symmetric design.
Figure 5.25 Nearly symmetric structure in the X direction of TAFM
(7). Alignment:
The first principle of machine design and dimensional metrology is the Abbe principle















distance being measured is a straight line extension of the graduations on the scale that
serves as the reference …”, and “Should the measuring axis and that of the scale belong
to two different axes which are separated by a certain distance… that length being read
off will be identical to the length being measured in general only when the moving
system… undergoes pure parallel motion, with no rotation. If the system undergoes a
rotation between the initial and final settings, then the scale reading and the measured
length is different”.
Figure 5.26 shows the Abbe offsets (Abbe error equals d×sinβ). In the TAFM, a specimen
was arranged on the same plane of the X and Y laser interferometers, and the AFM tip
was on the intersection point of the lines extended from the laser beams of the X and Y
interferometers. The angular deviations of pitch and yaw of flexure stage were less than
0.5 arc sec. Then the error caused by Abbe-offset can be neglected.
Figure 5.26 Abbe offsets
The TAFM has been established for the one-dimensional pitch calibrations for Taiwan
industry. First, to assemble the test specimen on the flexure stage and use the optical
microscope to find a suitable testing area. Second, to use the DI AFM to optimize the control
parameters only for Z-height sensing (changing scanning range to zero in the XY plane). Then,
to use a program developed in LabVIEW to control the two-dimensional scanning of flexure
stage and, simultaneously, to capture the displacements from the laser interferometers (X and
Y) and capacitance sensor (Z) of AFM. The displacements of X- and Y- axes of flexure stage
from laser interferometers via RS232 interfaces and the voltage of Z axis of DI AFM via an
AD card are obtained simultaneously while the AFM probe is scanned. Finally, a program
written in Matlab is employed to perform the equivalent space interpolation in the X and Y
directions, and SPIP software is used to calculate the pitch value and the pattern tilt angle.





was evaluated. The performances of pitch measurement of the TAFM are as following.
(a). Measuring item: one-dimensional pitch standards
(b). Measuring range: 100µm × 100 µm
(c). Metric (trace to the SI): laser interferometer
(d). Resolution of laser interferometer: 0.078 nm
(e). Expanded uncertainty: ( ) ( )[ ] 2/1122 2.45.2 punm ε+  (95 % confidence level)
(f). Effective Degrees of freedom: 29
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6. Future Modification
A TAFM has been established at the CMS in Taiwan. It consists of a commercial AFM, two
laser interferometers, a flexure stage, a super-Invar metrology frame, a vibration isolator and a
temperature-controlled enclosed box with circulating water. The AFM is a DI Dimension
Metrology AFM with three capacitance sensors at all axes. The laser interferometers all
belong to the type of differential plane mirror laser interferometer made by SIOS Meßtechnik
GmbH. The L-shape mirror was 150×18 mm2 with 30 nm of flatness at each side. The flexure
stage was a three-axis active-error-compensated flexure stage made by Physik Instruments in
Germany. The out-of-plane motion was 0.5 nm and the angular deviation was 0.5 arc sec. The
L-shape mirror was fixed on the flexure stage and the reference mirrors were fixed on the
AFM head. A specimen was arranged on the same plane of X and Y laser interferometers, and
AFM tip was on the intersection point of the lines extended of laser beams emitted from the X
and Y interferometers. The error caused by Abbe-offset can be neglected. The laser
interferometers can be used to measure the displacements between the stage and AFM head.
The displacements of X- and Y- axes were controlled by capacitance sensors of flexure stage
and recorded by laser interferometers. And the Z-height motion was controlled and recorded
by a capacitance sensor of the scanner of AFM. The TAFM has been successfully used in
pitch measurements. According to the ISO “GUM”, [12] the error budget of TAFM was
evaluated. The expanded uncertainty was 2.5 nm of a nominal pitch value of 292 nm at 95 %
confidence level.
This expanded uncertainty is not satisfactory in the usually use in the nanometrology field.
According to the error budget in table 5.2 (see page 64), the mechanical structure of AFM
head, vibration noise from water circulatory, asymmetric structure loop and metrology loop,
and thermal influence were the main contributors. The metrology frame was nearly symmetric
in X direction but asymmetric in Y direction (see Figure 5.21 on page 70 and Figure 5.25 on
page 72). And the super-Invar frame was supported by a quasi-kinematic supporting by a set
cone-vee-plane and four screws with spherical head on a granite base. For the application in
nanometrology, to achieve an expanded uncertainty to be no more than 0.5 nm by improving
the flexure stage, AFM, laser interferometers on the same metrology frame, symmetric and
shortest designs of structure loop and metrology loop. Additionally, there were only two laser
interferometers used in X and Y directions. The displacement in the Z direction is recorded by
a capacitance sensor. This sensor should be calibrated by a traceable sensor like a laser
interferometer. If a laser interferometer is used to detect the displacement of flexure stage in
the Z direction, the TAFM can realize directly traceable to the SI at all three axes. The
followings describe some future modifications to reduce the error sources.
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6.1 Traceability of Z-axis
Laser interferometer is an instrument to directly realize to trace to the SI unit. In the TAFM, a
capacitance sensor of AFM sensed the height variation while the sample was scanning in the
XY plane by a flexure stage. Two differential plane mirror laser interferometers recorded the
displacements of sample on the flexure stage in X- and Y- axis, and a capacitance sensor
recorded the Z-axis displacement. If the TAFM is intentionally used to calibrate the step
height or the roughness, a traceable displacement sensor must be assembled in the Z-axis. For
this reason, a same differential plane mirror laser interferometer (see Figure 3.5 on page 23)
has to be arranged with a prism through the aperture of the flexure stage to detect the
displacement and angular deviations in the Z direction. The schematic diagram is depicted in
Figure 6.1. The travel range of the flexure stage is 10 µm in the Z direction. The capacitance
sensor of the AFM can be directly calibrated by laser interferometer through the flexure stage.
With this modification, the three differential plane mirror laser interferometers in the TAFM
can be utilized to monitor the displacements in all three axes and angular deviations of pitch,
yaw, and roll.
Figure 6.1 The schematic diagram of Z axis traceability
6.2 Vibration noise
A vibration isolator made by Minus-K was used to insulate the vibration from the
environment, and an enclosed box with circulating water was used to control the temperature
at 20 °C. Unfortunately, a 20 nm noise of laser interferometer was induced by the water
circulator. It was caused by the circulating water through the copper pipe of the enclosed box
seated on the tabletop of vibration isolator. It is shown in Figure 6.2. The vibration noise came
from the water circulator via the copper pipe and the tabletop. If the support of enclosure box












Additionaly, the AFM head and electronic unit were originally fixed on a granite plate. For the
metrology consideration, the AFM head and electronic unit were separated from granite plate
and reassembled on a super-Invar plate. The super-Invar frame was seated on a base plate
with a cone-vee-plane kinematic mounting. The thickness of super-Invar frame was 25 mm
(see Figure 3.12 on page 28). After reassembling, the noise level of AFM became 0.6 nm
RMS (The original noise level was 0.04 nm RMS). It caused by an about 9 Hz natural
frequency of super-Invar frame as shown in Figure 6.3. It can be improved by increasing the
thickness of super-Invar plate and moving the flexure stage from base plate to super-Invar






        
Figure 6.2 Enclosed box seated on the isolator tabletop
Figure 6.3 Noise of one line scanning of AFM
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6.3 Metrology Frame
The structure loop is the path (or parallel paths) needed to trace from the probe tip through all
parts of its holder and through the overall holding structure back to that part of the structure
which holds the workpiece up to the corresponding points on the workpiece surface. And the
metrology loop is the continuous path from the sense point on the probe or contact point on
the machine tool to a reference datum and then back to the contacted point on the workpiece
[92]. To maximize the resistances of vibration and thermal influences may reach by making
the shortest path from the test probe to the test sample. There are some modifications can be
used to improve the performance of the TAFM: to change the position of reference mirrors; to
design a symmetric mechanism with a single material, and to shorten the structure and
metrology loops.
(1). Reference Mirrors
A big error source in measuring uncertainty came from the positions of the reference mirrors.
The reference mirrors were fixed on the AFM head. The AFM head was made of an
Aluminum alloy box. The coefficient of thermal expansion was 23 ×10-6  °C -1. The distances
between the reference mirror and the AFM probe were about 48 mm in X-axis and 30 mm in
Y-axis. The thickness of reference mirror mount was 8 mm (super-Invar) and the thickness of
reference mirror was 6 mm (Quartz). An estimated material temperature changing was 0.025
°C during one pitch measurement. Therefore, the changings of distances between probe and
reference mirrors were (48×23+8×0.6+6×8)×10-6×0.025 = 28.92 (nm) in X-axis and
(30×23+8×0.6+6×8)×10-6×0.025 = 18.57 (nm) in Y-axis. If the probe is stationary, then it can
be improved by moving the reference mirrors to the flexure stage (see Figure 6.4).












The flexure stage was made of super-Invar with the coefficient of thermal expansion of
0.6×10-6 °C -1. The changes of distances between probe and reference mirrors were
(48+8+6)×0.6×10-6×0.025 = 0.93 (nm) in X-axis, and (30+8+6)×0.6×10-6×0.025 = 0.66 (nm)
in Y-axis. For this reason, the standard uncertainties were 0.27 nm in X direction, and 0.19 nm
in Y direction.
(2). Symmetric mechanism and a single material
As mentioned in last paragraph, the probe tip should be stationary in a high stability AFM.
The best way is to put the probe on the center of a symmetric mechanism and use a single
material. From the mechanical structure of the TAFM, the AFM head was fixed on the middle
of a bridge in X-axis. So it was almost symmetrical in the X direction, but asymmetrical in the
Y direction (see Figure 5.25 on page 72). The asymmetrical mechanism in the Y direction will
cause a big drift between the reference mirror and moving mirror if the temperature is
changed.
For the metrology consideration, the AFM probe can be designed on the center of a super-
Invar round plate. And the round plate is supported by a kinematic mount with three vee
grooves and three spheres. Figure 6.5 shows a commercial AFM in a round plate. But the
original design is supported by a set of cone-vee-plane kinematic mounting. It is also an
asymmetrical structure. But it can be changed as a symmetrical mechanism by three vee
grooves.
Figure 6.5 Symmetric design of AFM (NT-MDT SMENA)




AFM tip on the center
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The metrology and structure loops have been described in section 5.8 (see page 70). There are
some guidelines for the metrology loop and structure loop: as short as possible; containing a
minimum number of joints; using internally damped materials and damped structures;
separating metrology loop, mechanically and thermally, from the structure loop. In the TAFM,
the metrology loop and structure loop can be improved as follow: (see Figure 6.6)
(a). Change the flexure stage from the base plate to the super-Invar frame to get a shorter
metrology loop and structure loop.
(b). Thicken the super-Invar frame to increase the natural frequency, stiffness, and to reduce
the noise level.
(c). To enlarge the travel range 20×20 mm2 for the coarse motion to move the test sample and
find the testing pattern on the nanometer scale standards, add a two-dimensional stage
onto the same metrology frame. The original coarse motion stage (120×100 mm2) of
AFM had a big angular deviation (bigger than 60 arc sec.). It has been disconnected in
the TAFM. A custom-made roller bearing stage provides better angular deviations: 2 arc
sec in yaw and 6 arc sec in pitch.
Figure 6.6 New Metrology loop and structure loop
6.4 Thermal drift
Indirect temperature-controlled circulating water through copper pipe was applied to control
the temperature within (20±0.3) °C in the enclosed box. The thermometer was put in the water
tank. The temperature of water must be adjusted manually to compensate the conditioning














by an external thermometer putting on the testing area in the enclosed box. The temperature in
measurement volume can be achieved to (20±0.1) °C.
The measurement results were affected, due to the long-term thermal drift, by the measuring
time interval. The TAFM took 42 minutes long for each pitch measurement by use of the
RS232 interface. The RS232 interface has been replaced by USB interface. The measuring
time interval was reduced to 20 minutes for each pitch measurement.
6.5 Nanometer scale standards in nanotechnology
(1) Nanometer scale standards
The TAFM has been applied to calibrate the pitch standards for the semiconductor industry in
Taiwan. In the semiconductor manufacturing industry, the pitch and linewidth are the
important factors of the manufacturing roadmap. Some of the manufacturers in Taiwan, for
example the Taiwan Semiconductor Manufacturing Company (TSMC) and the United
Microelectronics Corporation (UMC), announced that their manufacturing techniques would
be forward to nanotechnology in this year. They are forcing the NML to supply the calibration
of nanometer scale standards, like pitch and thickness.
A prototype pitch standard on photo-resister was designd by the CMS and manufactured by
National Nano-Device Laboratory in Hsinchu. This prototype included pitches of 200 nm,
320 nm, 400 nm, and 600 nm in 2×2 mm2. Figure 6.7 shows the images of 200 nm and 320
nm pitch patterns. A nanometer scale of pitch standard on silicon will be developed in next
step.
 
Figure 6.7 Pitch standards on photo-resister
~83~
(2) Comparison with laser diffractometer
After establishing the TAFM [93], a laser diffractometer was also setup to measure the grating
pitch. Both measurement systems are based on different measurement principles. Light
Diffraction is a well-know phenomenon in the modern optical physics. Laser diffractometer
consists of a red or green He-Ne laser, a precision angular positioning stage, a four-quadrant
detector, a beam splitter, and few mirrors (see Figure 6.8). The measurement principle is
based on the Littrow configuration, i.e. the diffraction beam is coincident with the incident
beam. The pitch value is determined by the diffraction angle γ and laser wavelength λ. The
pitch P measured by the Littrow configuration is expressed as γλ sin2Pmd = , where md is
diffraction order [94].
Figure 6.8 Laser diffractometer [95]
Figure 6.9 depicts the principle of grating diffraction. The incident laser beam has an angle γ
to the normal of grating sample. The diffraction beams include zero order diffraction with an
angle η0 to the normal, first order diffraction with an angle η1, negative first order diffraction
with an angle η-1, and other high-order diffraction beams.
 




















By applying, e.g., a frequency stabilized 633 nm laser on a grating sample with an incident
angle of γ, the diffraction can be expressed as equation 6.1, where P is pitch of grating, λ is
the laser wavelength, md is the diffraction order.
  )sin(sin ηγλ += Pmd                                   (6.1)
Figure 6.10 Grating diffraction
The incident light coincident to the reflection light is the so-called “Littrow configuration”
shown in Figure 6.11. Then the diffraction equation is modified as: (equation 6.2)
γλ sin2Pm =                                               (6.2)
The laser diffractometer is constructed as the “Littrow configuration”. The grating pitch can
be calculated by the laser wavelength and the Littrow diffraction angle (equation 6.3).
Figure 6.11 Littrow diffraction configuration
Normal















mP =                                                   (6.3)
The measuring results will be compared and verified by The TAFM and laser diffractometer.
They will also provide the pitch traceability paths for different measuring method (see
appendix 9.4). The major difference of AFM and laser diffractometer is that AFM takes every
pitch data in a localized area, and the laser diffractometer takes the dominating pitch in the
area of laser spot. Although the laser diffractometer has the high resolution measuring ability,
the measuring range of pitch is limited by laser wavelength. The laser source should change to
ultraviolet laser if the pitch grating measurement under 200 nm is needed (see appendix 9.5).
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7. Summary
Surface textures were observed to atomic resolution using a Scanning Tunneling Microscope
(STM) in 1982 and an Atomic Force Microscope (AFM) in 1986. Nowadays, the Scanning
Probe Microscopes (SPMs), such as STMs, AFMs, are widely applied to measure engineering
surfaces in a variety of fields, for example material sciences, semiconductor industry and
biotechnology. It is also tool with potential use in nanotechnology, including nanolithography,
atom manipulation, and nanometrology.A commercial AFM consists of a scanner, a laser, a
photo-detector, a controller, and a cantilever tip. The scanner is normally designed with a tube
piezoelectric actuator for three-dimensional scanning. However, some intrinsic properties of
the piezo-actuator, such as non-linearity, hysteresis, aging, thermal drift, creep and coupling
error, can cause measurement errors, which may reach 20 % of the reading. To reduce major
measurement errors mentioned above, an AFM should be periodically calibrated using a
traceable standard.
A state-of-the-art AFM should be directly traceable to the International System of Units (SI).
It can be met by adding a laser interferometer, obeying the Abbe principle, and employing a
high precision flexure stage. Establishing the traceability of the SPM to trace to the SI unit is
a responsibility of the National Measurement Institute. Some national standard laboratories
have developed metrological AFMs with a traceable displacement sensor, such as the
calibrated AFM (C-AFM) developed at the National Institute of Standards and Technology
(NIST) in the U.S.A., the metrological AFM (MAFM) at the Physikalisch-Technische-
Bundesanstalt (PTB) in Germany, and the long-range profiler at the Metrology and
Accreditation in Switzerland (METAS).
The goal of my study was conducted to develop a Traceable Atomic Force Microscope
(TAFM) to be as a primary realization of nanometer scale standards for Taiwan industry. The
TAFM includes a commercial AFM, a flexure stage, two laser interferometers, a vibration
isolator and a super-Invar metrology frame, as depicted in Figure 7.1. The design concepts
relate to the metric, the carriage and driver, the metrology frame, the probe, the isolation, the
symmetry, and the alignment.
(1) Metric: A laser interferometer is one of the devices direct traceability to the definition of
meter for taking displacement measurements. The advantages of laser interferometry are
widely used in industry, including high resolution, a large measuring range, direct tracing
to laser wavelength, and ease of use. Two differential plane mirror laser interferometers,
made by SIOS, were assembled on X and Y-axes of the TAFM, and the reference mirrors
were fixed on the AFM head to eliminate the error caused by the dead path. They were
used to measure the X and Y displacements of the test sample on the flexure stage.
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(2) Carriage and driver: An instrument for measuring displacement should have a carriage
and a driver. A special custom-modified flexure stage, made by PI, was installed in the
TAFM. It contains six piezo-actuators and six capacitance sensors to compensate actively
for the three-axis errors. The range of displacement was 100µm × 100 µm in the XY
plane. The out-of-plane displacement was 0.5 nm in the Z direction. The angular
deviations were less than 0.5 arc sec in pitch and yaw.
(3) Metrology frame: Two basic design concepts, the structure loop and the metrology loop,
are important in designing measuring instruments. The resistance of the instrument to
vibration and thermal influence must be maximized by determining the shortest path from
the test probe to the test sample. A super-Invar metrology frame was used to install the
AFM and laser interferometers.
(4) Probe: A probe is any device using which features, edges, and surfaces are located.
Examples include the scanning probe microscope, the scanning electron microscope, the
stylus and the optical microscope. An AFM as a probe was used to measure the surface
texture in the TAFM.
(5) Isolation: Vibration and temperature changes may influence measurements of
displacement. A vibration isolator and a temperature-controlled enclosed box with
circulating water can eliminate noise and drift caused by the environment. The enclosed
box, made of stainless steel sheets and thermally isolating material, reduced the noise
level of laser interferometer from 20 nm in 17 second to 2 nm in 18 seconds affected by
conditioned air. The measuring volume of the TAFM was maintained at (20±0.3) °C.
(6) Symmetry: The mechanical structure of the symmetrically designed instruments for
measuring displacement gives good repeatability, stability, stiffness and accuracy. The
flexure stage was made with symmetric springs. The metrology frame, made of super-
Invar, was almost symmetrical in the X direction but asymmetrical in the Y direction. The
super-Invar frame was supported by a quasi-kinematic supporting with a set of cone-vee-
plane and four screws with spherical heads on a granite base.
(7) Alignment: Ernst Abbe said, “The measuring instrument is always to be constructed such
that the distance that is measured is a straight line extension of the graduations on the
scale that serves as the reference…” [73]. In the TAFM, a specimen was arranged on the
same plane as the X and Y laser interferometers on the flexure stage, and the AFM tip was
on the intersection of the lines extended from the laser beams of the X and Y
interferometers. The angular deviations of the pitch and the yaw of the flexure stage were
less than 0.5 arc sec. Then, the error caused by the Abbe-offset could be neglected.
The uncertainty in the measurement was evaluated following the “Guide to the expression of
the uncertainty in measurement” (GUM), published by the International Organization of
Standards (ISO). The expanded uncertainty of a nominal pitch of 292 nm was 2.5 nm at a
confidence level of 95 % and 29 effective degrees of freedom.
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The TAFM has successfully provided services for calibrating the one-dimensional pitch
standards for the semiconductor industry. However, the expanded uncertainty of one-
dimensional pitch is not satisfactory and there is no traceability in the Z direction. The main
contributors to measurement uncertainty are the supports of the flexure stage and the AFM,
the mechanical structure of the AFM head, vibration from circulating water, the near
symmetry of the metrology frame in the X direction but the asymmetry in the Y direction, and
the thermal influence. The aim of the TAFM is to reach an expanded uncertainty of no more
than 0.5 nm at 95 % confidence level at all three axes. It can be achieved by the following
future modifications.
(1) Add another differential plane mirror laser interferometer on the flexure stage. It can
calibrate the z-height of the capacitance sensor of the AFM and monitor the displacement
of the flexure stage.
(2) The vibration noise was caused by the circulating water of copper pipe via tabletop of the
vibration isolator. Move the enclosed box from the tabletop to the floor. The noise level
of the laser interferometer caused by circulating water can be reduced to no more than 5
nm.
(3) Improve the metrology frame to yield high repeatability, stability, stiffness and accuracy.
Improvements may include moving the reference mirrors from the AFM head to the
flexure stage, thickening the super-Invar frame, shortening the structure loop and the
metrology loop, using a single material and a symmetrical mechanism in the Y direction.
(4) Change the passive temperature control to active temperature control in the measuring
volume of the TAFM to achieve a temperature of (20±0.1) °C.
(5) Develop the nanometer scale pitch and step height standards, and compare the pitch
measurement to that measured by the laser diffractometer.
The above modifications will soon be made at the Center for Measurement Standards to
provide the best nanometer scale traceability in Taiwan.
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8. Appendix
9.1 LabVIEW program for TAFM
(1). 2d_scan_frontend_h.vi (Pitch measurement)
(2). drift.vi (Drift test of laser interferometer)
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(3). pi.vi (Moving test of PI flexure stage)
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ab=[b b b b b];
b=[ab ab ab ab ab];
































save c:\scan\10.txt e -ASCII







save c:\scan\15.txt e -ASCII







save c:\scan\20.txt e -ASCII







save c:\scan\25.txt e -ASCII








save c:\scan\30.txt e -ASCII







save c:\scan\35.txt e -ASCII







save c:\scan\40.txt e -ASCII







save c:\scan\45.txt e -ASCII







save c:\scan\50.txt e –ASCII
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9.4 Uncertainty Evaluation of Laser Diffractometer
(1). Measuring equation
   

























    
where
P20 : Pitch value calibrated at 20 °C,
P  : Pitch measuring value at temperature ts,
λ0   : Laser wavelength in vacuum,
ntpf  : Refraction index of air,
γ   : First order diffraction angle,
ts  : Smple temperature,


















































































Wavelength (λ0) 3.55×10-6 B 1/√3 2.05×10-6 1.84 P 3.77×10-6 P 50






































































9.5 Limitations of Laser Diffractometer
P (nm) λ (nm) Sin γ γ (°) δγ (”, ∆p/p=1×10-5)
325 0.8125 54.34 2.88
488 (1.22) × ×
543 (1.3575) × ×
200
633 (1.5825) × ×
325 0.5417 32.80 1.33
488 0.8133 54.42 2.87
543 0.905 64.82 4.38
300
633 (1.055) × ×
325 0.325 18.96 0.71
488 0.488 29.21 1.15
543 0.543 32.89 1.33
500
633 0.633 39.27 1.68
325 0.232 13.42 0.49
488 0.3486 20.40 0.76
543 0.3878 22.82 0.86
700
633 0.4521 26.88 1.04
325 0.1625 9.35 0.34
488 0.244 14.12 0.51
543 0.2715 15.75 0.58
1000
633 0.3165 18.45 0.68
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Development of a Traceable Atomic Force Microscope with Interferometer and
Compensation Flexure Stage
Abstract
Scanning Probe Microscopes (SPMs), generally including such instruments as Scanning
Tunneling Microscopes (STMs) and Atomic Force Microscopes (AFMs), have been widely
applied to measure engineering surfaces in a variety of fields, such as material sciences,
semiconductor industry, and biotechnology. SPMs will also be a potential tool in
nanotechnology, for example nanolithography, atom manipulation, and nanometrology.
Normally, a commercial AFM consists of a laser, a photo-detector, a controller, a piezo-
scanner, and a cantilever tip. The piezo-scanner is critical to the performance of AFMs. The
intrinsic properties of piezo-scanners, for instance non-linearity, hysteresis, aging, thermal
drift, creep, and coupling effect will result in measurement errors that may reach up to 20 %
of the reading. To reduce major measurement errors mentioned above, an AFM should be
periodically calibrated with a traceable standard.
The goal of my research study was to design a state-of-the-art Traceable Atomic Force
Microscope (TAFM) to be used as a primary realization of nanometer scale standards for
Taiwan industry. The TAFM was composed of a commercial AFM, two laser interferometers,
a 3-axis active compensation flexure stage, a super-Invar metrology frame, a vibration isolator,
and a temperature-controlled enclosed box with circulating water. To eliminate the Abbe-
offset, the surface-plane of specimens was arranged on the same plane-level to the laser
beams emitted by interferometers. The compensation flexure stage was aimed to provide a
perfect reference motion mechanism. To achieve the direct traceability to the definition of
meter, two interferometers were added to the flexure stage. The TAFM was evaluated to have
an expanded uncertainty of 2.5 nm at a confidence level of 95 % and 29 degrees of freedom
for a nominal pitch value of 292 nm.
Since the expanded uncertainty of pitch measurement is not satisfactory and there is no
traceability in the Z direction. The TAFM needs to be improved to meet the requirement of an
expanded uncertainty of no more than 0.5 nm at 95 % confidence level at all three axes. The
requirement can be achieved by the following improvements: A laser interferometer is added
to the flexure stage for Z-height calibration. To reduce the noise of laser interferometer to
about 5 nm, the support of the enclosed box is moved from tabletop to the floor. The
metrology frame is improved by changing the reference mirrors from AFM to flexure stage,
thickening the super-Invar frame, shortening the structure loop and metrology loop, using one
material, and realizing a symmetrical mechanism design. The passive temperature control is
changed to active temperature control, which will approach an anticipative temperature
stability of (20±0.1) °C in the measuring volume.
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Entwicklung eines rückführbaren Rasterkraftmikroskops auf der Basis von
Interferometern und einer geregelten Einkörperführung
Abstrakt
Rastersondenmikroskope, zu denen unter anderem Rastertunnelmikroskope (STM) und
Rasterkraftmikroskope (AFM) gezählt werden, werden an vielen Stellen in der Material- und
Oberflächenforschung, der Halbleitertechnologie sowie der Biotechnologie angewendet. Sie
sind zudem denkbare Werkzeuge der Nanotechnologien, so beispielsweise der
Nanolithographie. Zudem können sie der Manipulation von Atomen und zur Nanometrologie
dienen. Kommerzielle AFM bestehen unter anderem aus einem Laser, Photoempfänger,
Regler, Piezoantriebssystem sowie einem Tastsystem. Dabei kommt den Piezoelementen des
Antriebssystems besondere Bedeutung zu. Die von Piezoelementen bekannten Nachteile, wie
Nichtlinearität, Hysterese, Alterung, thermische Drift, Kriechen und Übersprechen, können
durchaus 20% der Messabweichungen bei Vorwärtssteuerung verursachen. Daher sollten
AFM, Metrologiestandards entsprechend, zur Reduzierung der Meßunsicherheit regelmäßig
rückführbar kalibriert werden.
Das Ziel der vorliegenden Arbeit bestand in der Entwicklung eines rückführbaren
Rasterkraftmikroskops (Traceable Atomic Force Microscope, TAFM) zum Einsatz als
staatliches Normal zur rückführbaren Vermessung von Normalen im Nanometer-Bereich für die
taiwanesische Industrie. Das TAFM wurde als Kombination eines kommerziellen AFM, zwei
Laserinterferometern, einer aktiv geregelten dreiachsigen Präzisionsführung, einem
Metrologierahmen aus Super-Invar, einer Schwingungsdämpfung sowie einer
temperaturgeregelten Umhausung konzipiert und aufgebaut. Zur Reduzierung des Abbe-Offsets
wurden die Interferometer derart angeordnet, dass sich ihre virtuell verlängerten Messstrahlen
im Antastpunkt des Cantilevers und damit direkt auf der Probenoberfläche im Messpunkt
schneiden. Eine einwandfreie Referenzbewegung des Systems wurde durch die eingesetzten
Präzisionsführungen sichergestellt, während die direkte Rückführbarkeit auf die Definition der
Längeneinheit „Meter“ durch den Einsatz von zwei Laser-Interferometern erreicht wurde. Die
ermittelte erweiterte Messunsicherheit des TAFM für die laterale Messung einer Länge von 292
nm betrugt bei einer statistischen Sicherheit von 95% unter Berücksichtigung von 29
Freiheitsgraden 2,5 nm.
Da die ermittelte erweiterte Messunsicherheit für laterale Längenmessungen noch nicht
zufriedenstellend und die Rückführbarkeit in Richtung der Z-Achse nicht gewährleistet ist, soll
das TAFM verbessert werden, um perspektivisch eine Messunsicherheit von 0,5 nm in allen drei
Messachsen zu erreichen. Dieses Ziel kann zunächst durch den Einbau eines weiteren
Laserinterferometers zur Kalibrierung des Meßsystems der Z-Achse erreicht werden. Zusätzlich
sollte die Umhausung statt auf einem Tisch auf dem schwingungsärmeren Boden platziert
werden, was das Rauschen der Interferometer auf weniger als 5 nm reduzieren sollte. Ein
verstärkter Metrologierahmen, die Verlagerung der Referenzspiegel vom AFM auf die
Präzisionsführung und verkürzte Messkreise, die Konstruktion aller Teile aus dem gleichen
Material, ein symmetrischer mechanischer Aufbau und der Einsatz einer aktiven
Temperaturregelung mit einer Temperaturstabilität von 20±0.1 °C sind weitere wichtige Schritte.
